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Contemporary recommendations for evaluating and 
treating hyperlipidemia 



Richard S. Perry 



Abstract: The biochemistry^ etiolo- 
gy, and evaluation of hyperlipid- 
emia and its management, includ- 
ing dietary and drug therapies, are 
discussed. 

Strong evidence supports the 
role of increased cholesterol con- 
centrations as an independent risk 
factor for coronary artery disease 
(CAD); however, evidence that ele- 
vated triglyceride concentrations 
are also an independent risk factor 
remains questionable. The corner- 
stone of the laboratory diagnosis of 
hyperlipidemia involves repeated 
measurement of serum or plasma 
cholesterol and triglyceride con- 
centrations. 

The goals of therapy should be to 
reduce cholesterol or triglyceride 
concentrations or both to below the 
75th percentile, modify co-existing 



risk factors, individualize the treat- 
ment, and minimize any adverse ef- 
fects. Specific interventions must 
be determined on the basis of pa- 
tient age, gender, etiology of hyper- 
lipidemia, presence of other risk 
factors, and degree of lipid abnor- 
mality. The majority of patients 
may be managed with dietary ther- 
apy alone. The three-phase diet de- 
veloped by the American Heart As- 
sociation emphasizes a gradual re- 
duction in cholesterol and fats with 
the substitution of polyunsaturated 
for saturated fats. Patients at risk for 
CAD with sustained elevations in 
plasma cholesterol concentrations 
above the 95th percentile or a tri- 
glyceride concentration above 500 
mg/dL after an adequate dietary tri- 
al should be considered for drug 
therapy. The effects of cholestyra- 



mine and colestipol hydrochloride, 
niacin, dextrothyroxine, clofibrate, 
neomycin sulfate, probucol, gemfi- 
brozil, and mevinolin and compac- 
tin on lipids and lipoproteins are 
reviewed. 

Hyperlipidemia should be man- 
aged systematically using informa- 
tion about the association between 
increased lipid concentrations and 
CAD, patient risk factors, and limi- 
tations of both diet and drug thera- 

py- 

Index terms: Antilipemic agents; 
Cholestyramine resin; Clofibrate; 
Colestipol hydrochloride; Compac- 
tin; Dextrothyroxine; Gemfibrozil; 
Hyperlipidemia; Mevinolin; Neo- 
mycin sulfate; Niacin; Nutrition; 
Probucol 
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Over the past 15 years extensive evidence has 
accumulated documenting the importance of ele- 
vated serum cholesterol in the pathogenesis of cor- 
onary artery disease (CAD).^"^ Evidence for the 
role of triglyceride in CAD is far less convincing.* 
Recently, the results of a large multicenter trial 
have focused attention on the management of ele- 
vated serum lipids and generated new recommen- 
dations for treatment.^'^ This paper briefly reviews 
the biochemistry of lipids and lipoprotein metabo- 
lism, etiology of hyperlipidemia, and evidence 
supporting increased plasma lipid concentrations 
as risk factors for CAD. The evaluation and man- 
agement of patients with hyperlipidemia, includ- 



ing the types of therapy and the benefits and limi- 
tations of treatment, are discussed. 



Biochemistry of Lipids and Lipoprotein Metabolism 

The major plasma lipids, cholesterol and triglyc- 
eride, are essential substrates for cell membrane 
formation and provide a source of energy in the 
form of free fatty acids.^'^^ The lipoprotein struc- 
ture consists of cholesterol, triglyceride, phospho- 
lipid, and apolipoproteins and serves as a transport 
vehicle for lipids in plasma. Hyperlipidemia may 
be defined as an increased concentration of plasma 
lipids that are composed of cholesterol, triglycer- 
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Figure 1. Summary of lipid and lipoprotein metabolism; where CM 
= chylomicron, VLDL ~ very low density lipoprotein, LDL = low- 
density lipoprotein. HDL = high-density lipoprotein, LPL = lipo- 
protein lipase, and LCAT ~ lecithin cholesterol acyltransferase. 
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ide, cholesterol ester, and phospholipid,^ Hyper- 
lipoproteinemia describes an increased concentra- 
tion of the hpoprotein macromolecules that trans- 
port lipids in the plasma. More precise definitions 
of an increase in lipid concentrations are addressed 
later. 

The lipid transport system involves a complex 
interaction between tissue receptors and lipopro- 
tein molecules with the purpose of transferring 
lipids to and from tissue sites (Figure Brief- 
ly, dietary fats are solubilized in the intestine by 
bile salts and absorbed in intestinal mucosal ceils 
where chylomicrons are formed. Chylomicrons are 
released into the plasma and partially metabolized 
by lipoprotein lipase in vascular endothelium to 
form a chylomicron remnant. The remnant is sub- 
sequently taken up by the liver and metabolized at 
specific receptor sites, the liver synthesizes very 
low density lipoprotein (VLDL) that is catabolized 
like the chylomicron by lipoprotein lipase to form 
an intermediate-density lipoprotein (IDL) or rem- 
nant particle. The IDL remnant may be catabolized 
in the liver or converted to low-density lipoprotein 
(LDL), the major transport protein for cholesterol. 
Low-density lipoproteins are catabolized in hepat- 
ic and extrahepatic tissues to release free cholester- 
ol. High-density lipoprotein (HDL), synthesized in 
the liver and intestines, then acts as a receptacle for 
free cholesterol present in tissues. In addition HDL 
acts as a sort of dispatcher, transferring apolipopro- 
teins between different lipoproteins. Catabolism 
of HDL ultimately occurs in the liver and kidney. 

Low-density lipoproteins primarily consist of 
cholesterol, and their main function is to provide 
cholesterol to tissues. Consequently, LDL concen- 
trations directly correlate with the risk of CAD. 
Conversely, although the composition of HDL is 
predominantly cholesterol, it acts as a receptacle 
for cholesterol from the tissues, and its plasma con- 
centrations are inversely correlated with CAD risk. 
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For a more detailed discussion of lipoprotein me- 
tabolism, readers may refer to several excellent re- 

Although increased concentrations of triglycer- 
ide may cause pancreatitis or exacerbate diabetes 
mellitus, the association between increased con- 
centrations of lipids and the risk of CAD is of pri- 
mary concern.4'^* Considerable controversy sur- 
rounds the role of triglyceride as an independent 
risk factor for CAD. Some evidence exists that a 
subgroup of hypertriglyceridemic patients with a 
specific elevation of apolipoprotein B may be at 
increased risk for CAD,^^ However, based on cur- 
rent knowledge, increased concentrations of tri- 
glyceride serve to identify patients with a coexis- 
tent elevation in cholesterol or underlying disease, 
such as diabetes mellitus, that may place them at 
risk for CAD, 

Increased serum cholesterol concentrations have 
been conclusively shown to b^ an independent 
risk factor for CAD.^-^ Considerable controversy 
exists over when and how to treat patients with 
elevated cholesterol concentrations. The associa- 
tion between cholesterol concentration and risk is 
nonlinear, i.e., patients above the 95th percentile 
for serum cholesterol values are at a disproportion- 
ately greater risk than those below this level^ 
Treatment of patients above the 95th percentile 
reduces the incidence of CAD compared with un- 
treated patients.5'6 Further, preliminary evidence 
indicates that atherosclerosis can be halted or re- 
versed in these same high-risk patients with ag- 
gressive treatment.^^-is 

However, several unanswered questions remain. 
The optimal level for serum cholesterol has not 
been precisely defined. The. Pooling Project Re- 
search Group found a threshold between 200 and 
220 mg/dL above which CAD risk sharply in- 
creased,^^ Results of the Multiple Risk Factor Inter- 
vention Trial (MRFIT) showed an increase in CAD 
risk at cholesterol concentrations above 175 
mg/ dL,20 Although patients with serum cholester- 
ol concentrations between the 50th and 95th per- 
centile are likely to be at increased risk for CAD, 
the risks and benefits of treatment remain to be 
determined. In addition, the benefits of aggressive 
treatment on the progression or regression of ath- 
erosclerosis in low-risk patients are unclear. Unfor- 
tunately, because of prohibitive costs, these ques- 
tions are not likely to be addressed in a large-scale 
controlled trial and probably will remain unan- 
swered. 

Etiology of Hyperlipidemia 

Fredrickson and Lee^^ first suggested a classifica- 
tion of hyperlipoproteinemias based on the elec- 
trophoretic lipoprotein pattern. This scheme has 
been widely adopted and proves useful in classify- 
ing familial disorders. However, little information 
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Receptor abnormality 
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Enzyme abnormality 
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Enzyme deficiency 
Secondary 

Diabetes mellitus 

Pancreatitis 
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Multiple myeloma 

Alcohol ingestion 

Obesity 

Nephrotic syndrome 
Pregnancy 

Systemic lupus erythematosus 
Drug induced 
Dietary 

High fat and cholesterol intake 
Obesity 



about the etiology of the lipid disorder is provided 
by this classification. The American Heart Associa- 
tion (AHA) in a consensus statement suggested a 
classification based on etiology that may be more 
useful when evaluating the patient.^ It delineated 
three general categories that focus on the cause of 
disease: (1) primary or genetic. (2) secondary to 
other diseases or drugs, and (3) dietary. Specific 
examples for each category are listed in Table 1. 

Patient Evaluation 

Initial suspicion that a patient may be hyperlipi- 
demic often occurs when an elevated cholesterol or 
triglyceride concentration is reported through a 
routine laboratory examination. Once hyperlipid- 
emia is suspected, the patient should be thorough- 
ly evaluated to confirm the diagnosis and deter- 
mine appropriate therapy. Two major components 
of the patient evaluation are the history and physi- 
cal examination and the laboratory examination. A 
complete history and physical examination should 
be performed with four goals in mind: (1) To evalu- 
ate whether factors that increase cardiovascular 
risk, e.g., smoking, hypertension, and obesity are 
present, (2) to determine if there is a family history 
of lipid disorders, (3) to exclude secondary causes 
of the disease, and (4) to examine whether xantho- 
nias, abdominal pain, renal or liver disease, diabe- 
tes mellitus, or vascular disease is present. ^'^'^^ 

The cornerstone of the laboratory diagnosis of 
hyperlipidemia involves repeated measurements 
of serum or plasma cholesterol and triglyceride 
concentrations. Specimens should be obtained af- 
ter an overnight fast of at least 10-12 hours to allow 
for adequate clearance of triglycerides from the 
plasma.22 At least two determinations should be 
^ade on separate occasions to provide a reliable 
tJaseline. During this time, the patient should be on 



a constant diet to maintain a stable weight, and the 
patient should not be experiencing any acute ill- 
ness.'^^ For example, a myocardial infarction causes 
serum lipid concentrations to increase sharply and 
their return to baseline may not occur for weeks or 
months. 

A careful medication history should be obtained 
because drug-induced hyperlipidemia is often not 
considered in the differential diagnosis. Estrogens 
were initially included in the Coronary Drug Proj- 
ect; however, with the discovery of increased car- 
diovascular morbidity, this phase of the study was 
discontinued.^^ More recently, oral contraceptive 
use has been associated with increased CAD risk.^* 
Two studies specifically examined the relationship 
between oral contraceptive use and lipid abnor- 
malities, ^^'^^ Both found that HDL cholesterol con- 
centrations were directly related to estrogen dose 
while they were inversely related to progestin po- 
tency. Therefore, the choice of oral contraceptive 
should take into consideration potential lipid 
changes and the patient's CAD risk. 

Various antihypertensive agents have been 
found to affect lipid and lipoprotein concentra- 
tions adversely. A recent review summarized these 
. effects.^'' Thiazide diuretics significantly increased 
triglyceride concentrations by as much as 20% and 
total and LDL cholesterol while decreasing HDL 
cholesterol concentrations by 5% in both short- and 
long-term trials.^^'^^ The effects on triglyceride and 
total cholesterol concentrations were sustained 
throughout the duration of the MRFIT program; 
however, the effects on LDL cholesterol concentra- 
tion disappeared after the initial two years of the 
study .^^ Centrally acting a agonists appear to pro- 
duce far less predictable changes, and to date no 
significant alterations in serum lipid concentra- 
tions have been identified. ^^'^^ ^ Blockers cause a 
significant increase in triglyceride and decrease in 
HDL cholesterol concentrations, and these effects 
appear to be potentiated when these agents are 
used in combination with diuretic drugs.^'^'^s The 
magnitude of alteration may be more prominent 
with nonselective agents and may be completely 
absent with /? blockers possessing partial-agonist 
activity .2'' The a-blocking activity of labetalol also 
may counteract the adverse effects of p blockade on 
lipid concentrations. Prazosin, calcium antago- 
nists, and angiotensin-converting enzyme inhibi- 
tors (i.e., captopriL enalapril) have not been found 
to have any important effects on serum lipid and 
lipoprotein concentrations.^^ These agents may be 
the drug of choice in hypertensive patients with 
pre-existing lipid abnormalities. Although the lip- 
id changes induced by some antihypertensive 
agents may not produce overt hyperlipidemia, the 
beneficial effects of reduced blood pressure on 
CAD risk may be nullified. 

The need for additional laboratory tests in the 
evaluation and diagnosis of hyperlipidemia is 
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Table 2. 

Reference Values lor Plasma Cholest rol and Triglyceride C ncentratlons (mg/dt)" 



Cholesterol Triglyceride 

50th Percentile 75th Percentile 95th Percentile 50th Percentile 95th Percentile 



Men 



<20 


155 


170 


20-24 


165 


185 


25-29 


180 


200 


30-34 


190 


215 


35-39 


200 


225 


40-44 


205 


230 


45-69 


215 


235 


> 70 


205 


230 


Women 






<20 


160 


175 


20-24 


170 


190 


25-34 


175 


195 


35-39 


185 


205 


40-44 


195 


215 


45-49 


205 


225 


50-54 


220 


240 


>55 


230 


250 



200 


<80 


< 150 


220 


100 


200 


245 


115 


250 


255 


130 


265 


270 


145 


320 


270 


150 


320 


275 


140 


290 


270 


135 


260 


200 


<75 


< 130 


230 


90 


170 


235 


90 


170 


245 


95 


195 


255 


105 


210 


270 


110 


230 


285 


120 


240 


295 


125 


250 



a Data adapted from reference 40 with permission. 



these changes in lifestyle. 

Dietary Therapy. The majority of patients with 
hyperlipidemia may be managed with dietary 
therapy alone, obviating the need for drugs/'^'^^ 
This is especially true for patients with hypertri- 
glyceridemia and secondary or dietary causes of 
hypercholesterolemia. The rationale behind di- 
etary intervention is based on the effects of high 
cholesterol, fat, and caloric intake on lipid metabo- 
lism. It has been well demonstrated that excessive 
ingestion of these dietary components results in 
increased synthesis of LDL and VLDL and acceler- 
ated atherosclerosis.'* ^'^^ Therefore, the goals of 
dietary therapy are to decrease the intake of choles- 
terol, fats (especially saturated fats) and calories, 
and maintain ideal body weight/'* 

Although many different dietary programs have 
been proposed to accomplish these goals, the most 
simplified approach has been developed by the 
AHA7 AHA has a three-phase diet that emphasizes 
a gradual reduction in cholesterol and fats with 
substitution of polyunsaturated for saturated fats. 
Phase I has been recommended for the general 
population and includes a decrease in cholesterol 
intake to under 300 mg daily, no more than 30% of 
the total calories as fats equally distributed be- 
tween saturated, monounsaturated, and polyunsat- 
urated, and an increase in complex -carbohydrates. 
With recent changes in American dietary habits, 
many people have already achieved the goals of 
phase I. In phase II of the diet, cholesterol intake is 
reduced further to less than 250 mg per day and 
fats account for no more than 25% of the total calo- 
ries. Phase III restricts fats to 20% of total calories, 
and cholesterol intake to 100-150 mg per day. 
Some patients experience an increase in VLDL tri- 
glyceride after a restriction in fats and an increase 



in carbohydrates. However, this is a transient re- 
sponse that usually disappears after a few 
months.^'22 

Connor et al.** predicted a 14-21% decrease in 
plasma cholesterol concentrations when progress- 
ing from a standard diet through each phase of the 
AHA diet. However, reports from several multi- 
center studies have found more modest changes 
from dietary intervention. The Lipid Research 
Clinics trial used a diet that provided 400 mg/day 
of cholesterol and increased polyunsaturated fats 
and reported an overall 4.9% decrease in plasma 
cholesterol concentration with diet alone.^'^ In the 
MRFIT study a diet aimed at reducing the intake 
of saturated fats to under 8% and cholesterol to 
below 250 mg produced an 8% decrease in total 
cholesterol. Recently, Arntzenius et ai.'*^ reported 
results from a two-year dietary intervention trial 
that used a diet similar to phase III of the AHA diet. 
Although the study lacked a control group for com- 
parison, the results showed an average reduction 
of 10.1% in total cholesterol. Even though each of 
these studies used different dietary measures, the 
results indicate that there are limits to the magni- 
tude of decrease in cholesterol levels that can be 
expected from dietary intervention. A summary of 
the results of some of these dietary intervention 
trials are reported in Table 3.*^"*^ 

Depending on the response to diet, age of pa- 
tient, and risk factors, the patient may be advanced 
to successive phases of the diet until the target 
cholesterol level is reached. Each phase of the diet 
should be maintained for a minimum of four weeks 
to confirm patient compliance with the therapy. 
However, intervention for six months or more at 
the prescribed dietary phase may be necessary to 
obtain optimal results. A dietitian well trained in 
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Table 3. 

Summary of Major Studies on Dietary Therapy 








Reference 
Number 


Number of 
Patients 


Study Design 


Therapy 


Duration 
(years) 


Outcome 


1 

45 
47 
48 
49 


1,900 
12.866 
5,000 
1,232 
846 


Survey 

Randomized 

Crossover 

Randomized 

Double-btind 
randomized 


Diet 

Diet, smoking, 
hypertension 
Diet 

Diet, smoking 
Diet 


20 
7 

12 
5 
8 


Dietary cliolesterol associated witfi 
serum cholesterol and CHD risk 
No difference in mortality 

Decrease In CHD mortality in male 
patients 

47% decrease in infarction and 

sudden death 
No difference in mortality 



counseling patients can provide invaluable assis- 
tance in instructing the patient and family about 
the diet and providing foliow-up care.^* Equally 
important is counseling the patient and family 
members about the risks and complications of CAD 
and the benefits that should be derived from diet 
modification and other lifestyle changes.^^ 

Drug Therapy. Although most patients with hy- 
perlipidemia can be adequately treated with diet 
alone, there are situations that necessitate the insti- 
tution of drug therapy. Most patients with familial 
hypercholesterolemia require drug therapy to nor- 
malize plasma cholesterol concentrations.^ Also, 
high-risk patients who do not adequately respond 
or are unwilling to comply with diet therapy may 
require the use of drugs. General guidelines for 
deciding to treat with drugs should take into ac- 
count the age of the patient, the presence of other 
CAD risk factors, and the level of cholesterol or 
triglyceride after diet therapy has been instituted. 
As a general rule, patients who consistently have a 
plasma cholesterol concentration above the 95th 
percentile or a triglyceride concentration above 
500 mg/dL after an adequate dietary trial should be 
considered for drug therapy. i*'22 Tables 4-6 pro- 
vide a summary of drug effects, treatment recom- 
mendations, and cost comparisons. 

Bile-Acid-Binding Resins. Cholestyramine and co- 
lestipol hydrochloride are nonabsorbable resins 
that bind bile acids in the intestinal lumen.^^-^i 
so doing they effectively block the reabsorption of 
bile acids and reduce the bile-acid pool available to 
the liver. Shepherd et al.^^ showed that cholestyra- 
mine increases LDL catabolism by an effect on the 
LDL receptor. Hepatic bile-acid synthesis in- 
creases, requiring increased catabolism of choles- 
terol from LDL cholesterol. This results in a de- 
crease in circulating and LDL cholesterol. 

Bile-acid resins have been extensively evaluated 
for the treatment of hypercholesterolemia where 
reductions of 20% in total and LDL cholesterol 
have been noted.5'6-i6.52-54 ^ National Heart, Lung, 
and Blood Institute (NHLBI) study compared cho- 
lestyramine and diet versus diet alone in a five- 



year double-blind, randomized trial to determine 
the effects of treatment measured angiographically 
on progression of arteriosclerosis in patients with 
evidence of CAD^^ Patients received 24 g of choles- 
tyramine daily in addition to dietary therapy, and 
almost 80% of patients demonstrated good compli- 
ance. A 17% decrease in total cholesterol and 26% 
decrease 'in LDL cholesterol were found in the 
treatment group versus decreases of 1% and 5% in 
the control group, respectively. In addition, a re- 
gression of atherosclerosis was shown by angiogra- 
phy in the treatment group. 

The Lipid Research Clinics-Coronary Primary 
Prevention Trial (LRC-CPPT) evaluated type II hy- 
perlipoproteinemic patients without evidence of 
CAD who had plasma cholesterol concentrations 
above the 95th percentile to test the efficacy of diet 
and cholestyramine.^'^ Patients received diet thera- 
py and either cholestyramine 24 g daily or placebo 
and were followed for up to seven years. Total 
cholesterol and LDL cholesterol decreased 8.5% 
and 12.6% more in the cholestyramine group than 
the placebo group. Triglycerides increased in the 
treatment group by 10.9% and in the control group 
by 8.8%. Coronary heart disease (deaths and nonfa- 
tal infarctions) decreased by 19%, 

The results of this study were the basis for a 
National Institutes of Health recommendation 
calling for a population-wide modification in diet 
to reduce CAD.^ However, the results have been 
criticized on several points. ^o^^s-ss jj^^ patients in 
the study were all men in a definite high-risk cate- 
gory. A 19% reduction in CAD was demonstrated 
but the absolute difference between the treatment 
and control groups was 1.6%. The reduction in total 
and LDL cholesterol was directly correlated with 
compliance with cholestyramine and was greatest 
in patients demonstrating complete compliance. 
Finally, patients in the treatment group experi- 
enced more noncardiac deaths caused by violence 
and suicide. For these reasons, the results should 
not be extrapolated as a basis for population-wide 
recommendations and should be viewed with 
some reservation. 
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Table 4. 

Effects of Drug Therapy on Lipids and Up proteins^ 



Drug 



compactin 



Mechanism 
of Action 



Effects 
on Lipids 



Effects on 
Lipoproteins 



Comment 



Cholestyramine and 


f LDL catabolism 


i Cholesterol 


iLDL 


colestipol hydro- 






t VLDL 


chloride 




I Triglyceride and 


1 VLDL, \ LDL, 


Niacin 


i LDL andVLDL 


synthesis 


cholesterol 


tHDL 


Dextrothyroxine 


t LDL catabolism 


i Cholesterol 


ILDL 


sodium 


t VLDL clearance 


i Triglyceride and 


iVLDL and LDL, 


Clofibrate 




cholesterol 


tHDL 


Neomycin sulfate 


1 Cholesterol absorption 


i Cholesterol 


I LDL 


Probucol 


t LDL clearance 


i Cholesterol 


i LDL and HDL 


Gemfibrozil 


t VLDL clearance 


i Triglyceride and 


i VLDL 


i VLDL synthesis 


cholesterol 


U LDL, \ HDL 


Mevinotin and 


t LDL catabolism 


i Cholesterol 


iLDL 



Problem with compliance; binds many 
coadministered drugs; good 
in combination with bile-acid resins 

Problems with patient acceptance 

Demands caution in patients with 

heart disease 
Possible long-term toxicity; only 

modest effects on cholesterol 
Potentially ototoxic and nephrotoxic 
Lowers HDL; modest efficacy 
Similar to clofibrate; long-term 

toxicity unknown 
Investigational; may be highly 

effective in familial disease 



a The arrows indicate increases (t) and decreases (i) and LDL ' 
lipoprotein. 



low-density lipoprotein. VLDL = very low density lipoprotein; HDL «= high-density 



Table 5. 

Summary of Lipoprotein Phenotype and Suggested Drug Treatment^ 



Lipoprotein 


Lipoprotein 


Lipid 






Phenotype 


Abnormality 


Changes 


Drug of Choice 


Alternatives 


1 


Chylomicron 


t Triglyceride 


Not indicated 


Not indicated 


Ha 


Low density 


t Cholesterol 


Bile-acid resins 


Probucol, niacin, neomycin 
sulfate, compactin and 
mevinolin, in any combina- 
tion with resins 


lib 


Low and very low 
density 


t Triglyceride, 
t Cholesterol 


Niacin 


Gemfibrozil, clofibrate 


111 


Remnant 


t Triglyceride, 
t Cholesterol 


Niacin 


Gemfibrozil, clofibrate 


IV 


Very low density 


t Triglyceride 


Niacin 


Gemfibrozil, clofibrate 


V 


Chylomicron and very 
low density 


t Triglyceride, 
t Cholesterol 


Niacin 


Gemfibrozil 



' The arrows indicate Increases (t) and decreases (i) in concentration. 



Table 6. 

Comparison of Drugs Used In the Treatment of Hyperlipidemia 



Drug 



Manufacturer 



Dosage Forms 



Usual Daily 
Dose 



Maximum 
Daily Dose 



Cost/Month ($)« 



Cholestyramine (Questran) 

Colestipol hydrochloride 

(Colestid) 
Niacin 



Probucol (Loreico) 
Dextrothyroxine sodium 

(Choloxin) 
Neomycin sulfate 
Clofibrate (Atromid-S) 
Gemfibrozil (Lopid) 



Mead Johnson 


4-g packets, bulk powder 


Sgt.i.d. 


32 g 


136.44 










61.67 


Upjohn 


5-g packets, bulk powder 


I0gb.i.d. 


30 g 


59.44 










57.06 


Various 


50-, 100-, 250-, and 500-mg 


2gt.i.d. 


9g 


4.57-386.06 




tablets; 125-, 250-, and. 






500-mg capsules 








Merrell-Dow 


250-mg tablets 


500 mg b.i.d. 


ig 


37.70 


Flint 


1-, 2-, 4-, and 6-mg tablets 


6 mg every day 


6mg 


17.20 


Various 


500-mg tablets 


1 g b.i.d. 


2g 


57.25 


. Ayerst 


500-mg capsules 


1 g b.i.d. 


2mg 


22.25 


Parke-Davis 


300-mg capsules 


600 mg b.i.d. 


1.5 g 


33.50 



' Cost based on 1985 Blue Book average wholesale price for 30 days of usual daily dose: 
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Cholestyramine powder and colestipol beads 
must be mixed with a liquid before ingestion. Each 
formulation should be sprinkled on the surface of 
at least 120 mL of w^ter or juice with care taken to 
avoid clumping. Since colestipol is odorless and 
tasteless, it may be preferable in some circum- 
stances. A recipe for incorporating cholestyramine 
into cookies may overcome some taste and odor 
problems; however, the formulation has not been 
evaluated for stability and binding properties. 
Four grams of cholestyramine and 5 g of colestipol 
hydrochloride are equivalent and may be given in 
divided doses before or with meals,^^ Some authors 
report that twice or even once daily dosing of these 
products is as well tolerated and efficacious as 
more frequent dosing.^^'^^ The cholestyramine for- 
mulation contains tartrazine and should be used 
cautiously in aspirin-sensitive patients. 

The majority of side effects reported with the 
resins involve the gastrointestinal tract. 5-646,52-54 
Constipation, bloating, and heartburn most com- 
monly occur, but abdominal pain, gas, nausea, and 
belching may also occur. In the LRC-CPPT these 
complaints tended to wane with prolonged thera- 
py. Stool softeners or an increase in dietary fiber 
may alleviate the constipation.^"* The use of bile- 
acid resins may result in the malabsorption of fat- 
soluble vitamins, however, especially at doses 
above 24 g/day.^^ the case of vitamin K, hypo- 
prothrombinemia may result, although the admin- 
istration of vitamin K will readily correct the defi- 
ciency.^^ Folic acid deficiency has been reported in 
children, sometimes requiring supplementation,^^ 
There are some reports of increased cholelithiasis 
with bile-acid resins; however, the incidence was 
no greater in the treatment group versus the con- 
trol group in the LRC trial.^^^ 

There have been several reports of altered ab- 
sorption of drugs concurrently administered with 
the resins. The drugs affected include warfarin, 
digitoxin, thyroxine, thiazides, and iron.6^-72 q^. 
goxin bioavailability may also be affected by cho- 
lestyramine administration. Brown et al.'^^ reported 
decreases in urinary excretion and serum concen- 
trations of digoxin that were both temporally and 
dose related to cholestyramine therapy. Further 
studies by the same investigators showed that the - 
effect was more prominent with the tablet formu- 
lation of digoxin than the capsule formulation/^ 
Patients taking bile-acid resins concurrently with 
any other medication should be instructed to take 
the other drugs at least one hour before or four 
hours after a dose of resin. 

Plasma triglyceride and VLDL concentrations of- 
ten increase in patients after resin treatment is ini- 
tiated.^'^^'43'^5 The mechanism for this increase is 
not well understood but an increase in hepatic syn- 
thesis of VLDL occurs and may be responsible.^^ 
Occasionally, the addition of a second drug, such as 
niacin or clofibrate may be required if the triglyc- 
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eride concentration remains elevated. 

Niacin. Niacin (nicotinic acid) acts by inhibiting 
the synthesis and secretion of VLDL from the live? 
By decreasing VLDL formation, subsequent pro- 
duction of LDL is also reduced.^^ Bile-acid excre- 
tion remains unchanged but the excretion of neu^ 
tral sterols in the stool increases. Consequently^ 
niacin is effective in decreasing both plasma cho- 
lesterol and triglyceride concentrations.^^'^^ Niacin 
also increases HDL cholesterol by reducing its ca- 
tabolism.^^'^*^ The complementary action of niacin 
and bile-acid resins to increase the excretion and 
decrease the absorption of sterols may account for 
the additive effects of this combination in hyper- 
lipidemia.^^ 

The principal use of niacin is for mixed hyperlip- 
idemia or as a second-line agent in combination 
therapy for hypercholesterolemia.^^'^^'^^ Recent 
recommendations from the NIH consensxis confer- 
ence include niacin as the drug of choice or an 
alternate for treatment of hypertriglyceridemia.^^ 
As a single agent, niacin reduced cholesterol 9.9% 
and triglyceride 26.1% in the Coronary Drug Proj- 
ect.^^ Kane et al.^* combined diet, colestipol, and 
niacin in patients with type 11 disease and found 
niacin alone produced a 20% decrease in cholester- 
ol and almost a 40% decrease in triglyceride. Both 
LDL and VLDL concentrations were decreased 
while the HDL concentrations increased by 17%. 
, When combined with colestipol, the combination 
produced a reduction of 45% or greater in plasma 
cholesterol concentration.^*'^! Hoeg et al.^^ treated 
type II patients with neomycin and niacin and 
found an 18% decrease in total cholesterol and 25% 
decrease in LDL cholesterol while HDL increased 
32% when the effect of niacin was evaluated sepa- 
rately .^^ The combined therapy resulted in a de- 
crease in total and LDL cholesterol by 36% and 45%, 
respectively.^^ 

Niacin is available in tablet or sustained-release 
capsule formulations. Therapy should be initiated 
at a low dose (300-600 mg/day) and gradually in- 
creased by 300 mg per week to the maximum toler- 
ated doses.^* This slow titration is necessary to 
avoid the dose-related side effects of niacin.^^ 

The most prominent side effect, intense facial 
flushing, occurs when therapy begins and with 
subsequent dosage increases and results from the 
release of prostaglandins causing capillary dilata- 
tion.^'Si Tolerance to the flushing usually occurs 
after the patient has been maintained on a stable 
dose for several days; however, if the therapy is 
interrupted for a few doses, the flushing will 
promptly recur when the therapy is reinstituted.^^ 
Administering each dose with food or 300 mg of 
aspirin may alleviate the flushing.64,8U5 

Dose-related increases in aspartate aminotransfer- 
ase and alkaline phosphatase occiu* and have been 
related to increases in dose of more than 2.5 g per 
month.^ Even though these changes usually resolve 
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^th stabilization of the dose, liver en2yme test re- 
sults should be routinely monitored. Hyperuricemia 
and glucose intolerance are common abnormalities 
but only present a problem in patients with diabetes 
mellitus or goxit.^-^^ Skin rashes and pruritus fre- 
quently occur but they are usually not dose limit- 
85 Gastric irritation may be a problem, especially 
with higher doses; therefore, patients should be in- 
structed to take the drug with food or antacid when 
gastrointestinal symptoms occur.^^ 

l^eomycin Sulfate. Neomycin sulfate has not been 
approved by the Food and Drug Administration 
(FDA) for treatment of hyperlipidemia. Despite 
this restriction, numerous studies have document- 
ed the lipid-lowering efficacy of neomycin.^^^^ 
Most authors suggest cautious use of neomycin be- 
cause of concerns about toxicity; however, Samu- 
el^^ suggested that neomycin sulfate be reconsid- 
ered for the treatment of hyperlipidemia because 
of the rare occurrence of side effects. 

Neomycin reduces cholesterol absorption from 
the gastrointestinal tract, resulting in a reduction 
in total and LDL cholesterol. ^^'^^ The exact mecha- 
nism by which this occurs is unknown but may be 
related to altered cellular function, changes in co- 
lonic flora, or alterations in bile-acid metabo- 
lism.87'90 

When compared with other drugs, neomycin 
produces equal or greater reductions in plasma 
cholesterol concentrations. Cholesterol decreased 
by 15-25% when neomycin was used alone for pa- 
tients with type II hypercholesterolemia, and most 
of the decrease corresponded to an effect on LDL, 
since no effect was found on HDL cholesterol.^^'^^ 
Samuel et al.^^ found a 29% decrease in cholesterol 
with neomycin sulfate versus 17% with clofibrate. 
When compared with niacin, neomycin alone re- 
duced cholesterol and LDL cholesterol by 23% and 
29%, respectively, and combined therapy reduced 
cholesterol 36% and LDL cholesterol 45%.^^ In this 
study, neomycin significantly reduced HDL cho- 
lesterol by about 7% when compared with diet 
alone.^2 These data provide support for the efficacy 
of neomycin sulfate alone or in combination for 
the treatment of hypercholesterolemia. 

Gastrointestinal side effects most commonly 
complicate neomycin sulfate therapy. Up to half 
the patients experience diarrhea or abdominal 
cramps that usually resolve after a few weeks of 
continued therapy. Monilial infections, staphylo- 
coccal colitis, and resistant coliform bacteria have ' 
been reported rarely,^^ Neomycin may interfere 
with digoxin absorption, necessitating administra- 
tion of the drug at least one hour before the neomy- 

Cin.85,91,92 

Neomycin effectively reduces total and LDL 
cholesterol with the advantage of a convenient 
twice daily dosage schedule. Despite concerns 
about toxicity and lack of FDA approval, some au- 
thors recommend neomycin sulfate as the initial 



therapy for hypercholesterolemia.^'^'^*' Long-term 
experience with a large number of patients will be 
necessary before this recommendation can be 
widely supported, 

Probucol. Probucol reduces plasma cholesterol 
and LDL cholesterol without affecting VLDL.^^-^^ 
The precise mechanism for this effect is unknown, 
but it is likely that probucol increases the clearance 
of LDL from the blood without affecting its metab- 
olism.^^ HDL concentrations also decrease, proba- 
bly the result of reduced synthesis of apolipopro- 
teins.^^ 

Most studies using probucol have been in pa- 
tients with type II hypercholesterolemia. The re- 
duction in total cholesterol has exceeded 10% in all 
cases and has been as high as 21% after three years 
of treatment in a report from Taylor et al.^'^-^^"^^ 
Mellies et al.^^ also reported an 8.4% reduction in 
LDL and a 26% decrease in HDL with probucol. 
The reduction in HDL cholesterol was consistent 
with a 32% reduction in HDL reported by Dujovne 
et al,^*'*^ Probucol causes a consistent decrease in 
total cholesterol that is accompanied by decreases 
in LDL and HDL cholesterol. 

Side effects with probucol are infrequent and 
generally minor. Taylor et al.^^ observed side ef- 
fects in 21 of 588 patients, which consisted mostly 
of nausea, diarrhea, and abdominal discomfort. Di- 
arrhea was also reported by Dujovne et al.^***' and 
may be attributable to increased excretion of bile 
acids. Other adverse effects reported include visual 
disturbances, headache, dizziness^ chest pain, neu- 
ritis, weight loss, and constipation.^^'^^ 

Probucol is effective in moderately reducing to- 
tal and LDL cholesterol and apparently has a low 
incidence of minor side effects. However, the im- 
portance of its negative effect on HDL cholesterol 
and the impact on CAD risk remains unclear. For 
this reason, probucol should not be considered a 
first-line agent for treatment of hypercholesterol- 
emia at this time. 

Dextrothyroxine Sodium, Cholesterol undergoes 
hepatic conversion to bile acid under the influence 
of an a-hydroxylation reaction in the liver.^^ In 
addition, LDL receptors in the liver and other tis- 
sues serve an important role by removing choles- 
terol from LDL. Thyroxine has been found to stim- 
ulate the enzymatic reaction and to increase the 
number of hepatic LDL receptors. Recognizing 
these effects, dextrothyroxine was developed with 
the hope that it would have minimal metabolic and 
cardiac effects associated with other thyroid prepa- 
rations. These effects persist with dextrothy- 
roxine and severely limit its usefulness. Interest- 
ingly, Bantle et al.^^^ compared thyrotropin-sup- 
pressing doses of dextrothyroxine and levothyrox- 
ine in euthyroid patients and found no difference 
in cholesterol-lowering effects or heart rate. These 
results confirmed previous findings from a report 
of hypothyroid patients. ^^'^ 
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Dextrothyroxine sodium reduces total and LDL 
cholesterol by as much as 20%. Investigators 
from the Coronary Drug Project (CDP) reported a 
decrease in serum cholesterol and triglyceride of 
8% and 12%, respectively, when compared with 
placebo. ^''^ Unfortunately, excessive cardiovascu- 
lar mortality in the CDP necessitated dropping 
dextrothyroxine from the study. 

Side effects include precipitation or enhance- 
ment of cardiac arrhythmias and angina pectoris, 
elevation of liver enzymes, increased metabolic 
rate, and suppression of thyroid function.^5,i04 
Concurrent propranolol therapy has been suggest- 
ed to control the cardiac effects of dextrothyroxine; 
however, the availability of other less toxic agents 
precludes the use of this regimen under most cir- 
cumstances. Dextrothyroxine sodium is con- 
traindicated in patients with a history of CAD or 
arrhythmias. Patients on oral anticoagulants may 
experience potentiation of anticoagulation second- 
ary to displacement from binding sites by dex- 
trothyroxine. ^igQ^ increased sensitivity to the 
effects of digitalis glycosides has been reported.^^ 
The 2- and 6-mg tablets of dextrothyroxine sodium 
contain tartrazine and should be avoided in pa- 
tients with a history of allergies. 

In summary, dextrothyroxine sodium effectively 
decreases total and LDL cholesterol; however, the 
severity of its side effects limits its usefulness to 
younger patients without evidence of heart dis- 
ease. When its use is deemed appropriate, the start- 
ing dose is 2 mg daily and the dosage should be 
increased by 1-mg increments at monthly intervals 
to tolerance.^^ 

Clofibrate. Clofibrate was the first drug approved 
by the FDA for the treatment of hyperlipidemia. 
Although it was initially a popular choice in the 
treatment of lipid disorders, large-scale clinical tri- 
als uncovered a high incidence of noncardiovascu- 
lar morbidity and mortality P-^^'^-^^'^ With the de- 
velopment of new drugs and recommendations for 
managing lipid disorders, clofibrate can no longer 
be considered the drug of choice for any of these 
diseases. Despite these limitations, clofibrate still 
has a role as an alternative agent alone or in combi- 
nation with other drugs. 

Clofibrate increases lipoprotein-lipase activity 
in extrahepatic tissues, enhancing the catabolism 
of VLDL.^iO'iii Cholesterol synthesis in the liver is 
decreased and LDL catabolism increases.^^^ These 
effects contribute to a significant decrease in tri- 
glyceride and VLDL, more modest decreases in to- 
tal and LDL cholesterol, and a modest increase in 
HDL cholesterol. Clofibrate most effectively de- 
creases triglyceride concentration in type III and 
IV hyperlipoproteinemias, while combinations 
with other drugs are effective in type II disorders. 

In the CDP, clofibrate produced a 22% decrease 
in triglyceride; however, cholesterol was only re- 
duced by 637oP A second large trial using clofi- 



brate, 1.6 g/day reported a 9% decrease in serum 
cholesterol.i°^'io^ When Kane et al.^* compared do- 
fibrate, niacin, and colestipol, clofibrate had no 
significant effect on total, HDL, and LDL cholester- 
ol when added to colestipol therapy. However, tri- 
glyceride was decreased 28% from baseline with 
the combination. A small trial of clofibrate in hy- 
pertriglyceridemia found 32% and 38% reductions 
in triglyceride and VLDL, respectively.^ Unfortu- 
nately, this was accompanied by a 26% increase in 
LDL cholesterol, although total and HDL choles- 
terol concentrations were unchanged. 

Despite its potential benefits, there are several 
reservations about the long-term use of clofibrate. 
In both the CDP and World Health Organization 
(WHO) trials, noncardiac deaths were increased, 
and a follow-up report of the WHO trial found an 
increase in mortality from all causes including 
CAD in the clofibrate group. The CDP trial also 
reported an increase in pulmonary embolism, an- 
gina, and arrhythmias plus a twofold increase in 
gallbladder disease when comparing clofibrate 
with the placebo group.^s io/ other reported ad- 
verse effects include a loss of libido, breast tender- 
ness, elevations in liver enzyme tests, myositis, and 
thromboembolism.^3'i''» Clofibrate has been found 
to potentiate the action of warfarin, possibly in- 
creasing the effects by as much as 50%}^^ 

To summarize, clofibrate produces its most sub- 
stantial effects on triglyceride and VLDL concen- 
trations. Modest decreases in total cholesterol oc- 
cur but long-term changes in HDL are usually not 
apparent. With the questions remaining about 
its long-term safety, clofibrate should probably be 
reserved for patients who cannot tolerate other 
agents and have failed to respond positively to 
dietary intervention. 

GemfibroziL A recent addition to the lipid-regu- 
lating group of drugs, gemfibrozil has properties 
similar to clofibrate. In common with clofibrate, 
gemfibrozil stimulates lipoprotein lipase to in- 
crease VLDL lipolysis and decrease plasma triglyc- 
eride.ii2,u5 Unlike clofibrate, gemfibrozil also may 
reduce the synthesis and secretion of VLDL.^^-^is ^ 
causes a significant increase in HDL concentra- 
tions; however, it also increases LDL in some pa- 
tients while decreasing LDL in others. ^^^'^^^ 

In clinical trials, gemfibrozil has been shown to 
be effective in lowering triglyceride and VLDL 
concentrations in patients with type 11 and type IV 
hyperlipoproteinemias.^i2'ii5-n9 g^nj^ triglyceride 
and VLDL concentrations are consistently reduced 
by 40-60% regardless of the type of lipid disor- 
der.* 12,1164 is In contrast, the effects on total choles- 
terol, LDL, and HDL concentrations vary with the 
specific disorder. Manninen et al.^i^ evaluated type 
11 patients and found a 16% and 23% decrease in 
cholesterol and LDL concentrations, respectively. 
Others have generally noted more modest reduc- 
tions of less than 10%}^^ However, in patients with 
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a disorder primarily in triglyceride metabolism 
(type IV), total cholesterol is usually unchanged 
and LDL increases \0~12%}^'^^ Regardless of the 
underlyii^g disorder, HDL-cholesterol concentra- 
tions routinely increase by 17-31%-^^2,n6,ii8 Based 
on these results gemfibrozil is most appropriate for 
lipid disorders involving increases in triglyceride 
and VLDL concentrations. 

The adverse effects observed with gemfibrozil 
are similar to those seen v^ith clofibrate. The most 
often reported effects are rash in 2% of patients and 
abdominal discomfort. ^^^-^^^ An elevated eosino- 
phil count has been reported in 1% of patients and 
is usually associated with rash.^^^ Transient eleva- 
tions in transaminases and alkaline phosphatase 
may occur in up to 4.5% of patients.^^^ Glucose 
intolerance has been observed and may increase 
insulin requirements in diabetic patients,^ Be- 
cause of problems with cholelithiasis during clofi- 
brate therapy, gemfibrozil has been closely ob- 
served for similar problems. A trend toward an 
increase in gallstones was reported by Samuel;^ 
however, more widespread use of the drug is re- 
quired to confirm this observation. Gemfibrozil re- 
portedly potentiates the anticoagulant effects of 
warfarin, requiring close observation when given 
concurrently. 

In summary, gemfibrozil may be considered the 
drug of choice for severe hypertriglyceridemia be- 
cause of its beneficial effects on VLDL, HDL, and 
triglyceride concentrations. It also may be useful in 
combination with bile-acid resins in the treatment 
of mixed hyperlipidemia. Compared with clofi- 
brate and niacin, gemfibrozil has the advantage of 
a lower incidence of adverse effects. The increase 
in LDL cholesterol may limit its use in patients 
with co-existing increases in cholesterol.^^^'^^^ 

Compactin and Mevinolin, Two promising new 
compounds for the treatment of hypercholesterol- 
emia, compactin and mevinolin, are currently un- 
dergoing clinical investigation.^^^'^^^ Both act by 
inhibiting 3-hydroxyl-3-methylglutaryl-coen- 
zyme A reductase (HMG CoA reductase), the en- 
zyme that catalyzes the rate-limiting step in choles- 
terol synthesis, ^^^-^^^ 

To date, most studies with these compounds 
have been in patients with a type II disorder. ^^^"^^^ 
When the effects of compactin or mevinolin are 
considered alone, total cholesterol concentrations 
reportedly decrease 22-33% while LDL-cholesterol , 
concentrations drop 27-34%.^2i-i25 Triglyceride 
concentrations decrease with compactin (36%); 
however, Illingworth found no effect on triglycer- 
ides with mevinolin.^22-124 When the effects of 
HMG CoA reductase inhibitors are considered 
alone, HDL cholesterol concentrations are not af- 
fected, although Mabuchi et al.^23 found that the 
decrease in HDL produced by cholestyramine was 
niaintained when compactin was added to the 
therapy. 



Patient complaints with these drugs are minimal 
but biochemical abnormalities have been ob- 
served. ^22,1 24-1 26 Transient increases in creatine 
phosphokinase, aspartate aminotransferase (AST), 
alanine aminotransferase (ALT), and alkaline 
phosphatase concentrations and decreases in uric 
acid concentration have all been reported with 
short- and long-term therapy. All abnormalities 
return to normal after the drug is discontinued. 
Headache has been reported in two patients, and 
gastrointestinal side effects have not been report- 
ed.i24 

The HMG CoA reductase inhibitors represent 
promising additions to the therapeutic armamen- 
tarium of hyperlipidemia. They are likely to be 
most useful in type II disorders in combination 
with other drugs. Extensive clinical trials are need- 
ed to establish the long-term efficacy and safety of 
these compounds- 
Patients with type II familial hypercholesterol- 
emia often have an inadequate response despite 
appropriate diet and single drug therapy. In these 
patients, combinations of drugs have frequently 
been found to be effective. Niacin, when combined 
with colestipol or neomycin, produces additive ef- 
fects on total and LDL cholesterol. ^"^^^^-^^ Similarly, 
neomycin, probucol, compactin, and mevinolin 
demonstrate additive effects when combined with 
bile-acid resins.^^'^^^-^^^'^^* In these instances com- 
bination therapy has reduced total cholesterol con- 
centrations by 50-100% more than single drug 
therapy. Unfortunately, the reduction in HDL cho- 
lesterol caused by probucol is maintained with the 
combination of probucol and colestipol.^'"^ Despite 
the dramatic responses reported with combination 
therapy, it should be reserved for patients with 
severe hypercholesterolemia because of the poten- 
tial for increased side effects. 

Other Therapies. The failure of diet and drug 
therapy to lower cholesterol concentrations ade- 
quately in patients with severe familial hypercho- 
lesterolemia has fostered research on alternative 
forms of therapy. Partial ileal bypass has been used 
effectively in heterozygous patients resistant to or 
noncompliant with drug therapy. ^^'^ Ileal bypass 
surgery removes the site of bile-acid reabsorption, 
depleting the bile-acid pool and increasing the ca- 
tabolism of cholesterol. Indirect evidence suggests 
that the number of hepatic and extrahepatic LDL 
receptors increases as a secondary response. This 
procedure reduces LDL cholesterol concentrations 
by as much as 40%; however, some patients may 
become refractory over time, and it is ineffective in 
homozygous type II patients. ^^^'^^^ 

Portacaval shunts have been used in refractory 
homozygous type II patients, where they cause a 
decrease in the formation of LDL.^^^-^^^ Concentra- 
tions of LDL cholesterol can be expected to de- 
crease by 10-20%, and larger reductions have occa- 
sionally been reported.'^^'^^* 
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Figure 2. Treatment algorithm for hyperlipidemia. 
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Plasma exchange has recently gained some at- 
tention for its efficacy in lowering LDL cholesterol 
and reversing the signs of CAD.^^^'^^^ Thompson et 
al.^^^ reported a resolution of angina in two pa- 
tients treated by plasma exchange and demonstrat- 
ed a shift of cholesterol from tissue stores to the 
plasma. The same group reported on 22 patients 
with severe hypercholesterolemia including 20 pa- 
tients with heterozygous and homozygous disease 
who were treated for up to five years with plasma 
exchange.^^3 Overall, effective control of hyper- 
cholesterolemia was found with the exchange pro- 
cedure when it was used at 1- to 2-week intervals. 
Plasma exchange appears promising in the hetero- 
zygous or homozygous patient who is symptomatic 
with progressive CAD when other treatments have 
been ineffective. 

Most recently, liver transplantation has been in- 
vestigated as a method for treating homozygous 
hypercholesterolemia. The rationale for the use 
of this procedure is based on the knowledge that 
homozygous patients are almost totally devoid of 
hepatic LDL receptors. Therefore, pharmacological 
interventions aimed at increasing the number of 
LDL receptors are ineffective, A single report of 
liver transplantation in a homozygous patient 
found a dramatic resolution of hypercholesterol- 
emia,*^^ Widespread use is limited by the inade- 
quate number of organ donors; however, liver 
transplantation may be the most promising proce- 
dure for managing the rare patient with homozy- 
gous type II hypercholesterolemia. 

Recommendations for Managing Hyperlipidemia 

Hyperlipidemia should be managed systemati- 
cally using information about the association be- 



tween elevated lipid concentrations and CAD, pa- 
tient risk factors, and limitations of both diet and 
drug therapy. Management should be approached 
with specific goals in mind. Current NIH and AHA 
recommendations are controversial and a consen- 
sus in the medical community has not been 
reached on a population-wide adoption of these 
guidelines. However, it is clear that patients above 
the 50th percentile for plasma cholesterol concen- 
trations are at some increased risk for CAD and 
should benefit from intervention. 

Accordingly, patients with plasma cholesterol 
concentrations above the 50th percentile should be 
encouraged to adopt a diet designed to reduce satu- 
rated fat and cholesterol intake. Patients with plas- 
ma cholesterol concentrations above the 75th per- 
centile should be prescribed a diet designed to low- 
er their levels below this percentile. Patients at 
high risk for CAD should be considered for drug 
therapy if diet therapy is not effective. Patients 
with cholesterol concentrations above the 95th 
percentile should receive intensive dietary inter- 
vention aimed at lowering the plasma cholesterol 
concentrations below the 75th percentile. If di- 
etary therapy is ineffective, these patients should 
be treated with drug therapy to achieve the desired 
reduction. With these guidelines in mind, a thor- 
ough evaluation of the patient including history, 
physical and laboratory examination, and assess- 
ment of risk for CAD is necessary. Specific treat- 
ment must be approached with the individual in 
mind. Patient age, family history, risk of CAD, and 
risks versus benefits of therapy must be consid- 
ered. Using this information, an appropriate thera- 
peutic plan may be developed. Figure 2 provides 
an algorithm outlining one approach to patient 
management. 

Conclusion 

Strong evidence supports the role of increased 
cholesterol concentrations as an independent risk 
factor for CAD. Evidence that elevated triglyceride 
concentrations are also an independent risk factor 
remains questionable. Clearly, patients above the 
95th percentile for cholesterol are at high risk for 
CAD and should receive some form of treatment. 
However, the majority of patients with hyperlipid- 
emia have cholesterol concentrations between the 
50th and 95th percentile. Treatment should be ap- 
proached with a firm understanding of the rela- 
tionship between CAD and hyperlipidemia, and 
specific goals of therapy should be developed that 
are adaptable to the individual patient. The limita- 
tions of diet and drug therapy should be recog- 
nized before initiating therapy, and the patient 
and family should be made aware of the rationale 
for treatment. 
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Fibrates Influence the Expression cf Genes 
Involved in Lipoprotein Metabolism in a 
Tissue-Selective Manner in the Rat 

Bart Staels, Arie van Tol, Toni Andreu, and Johan Auwerx 

Hie influence of diflierent fibrates on apoSipoprotein metabolism was tnvestlgated. Administration of 
fenofibiBte provolced a dose<4ependent decrease in plasma cholesterol concentration that was already 
evident after 1 day. Intestinal apoiipoprotein (apo) A*I and apo A-IV mRNA levels remained fairly 
constant In contrast, liver apo A-I« apo A-U, and apo A-IV mRNA levels decreased in a dose-dependent 
fashion, which was associated with a lower transcription rate of the apo A-I but not the apo A-n gene. The 
decline in hepatic apo A-I, apo A-II, and apo A-IV mRNA had abeady started after I day end was 
associated with a drop in ptosma apo A-I and apo A-IV concentrations. Plasma apo £ had already 
deenaue^ after 1 day of fenofibrate, whereas apo B hiitlaqy remained constant and increased oitly after 
14 days of fenofibrate at the blj^est dose. Hepatic and faitestinai apo B mRNA contents and Kver, heart, 
kidney, and testis apo K mRNA contents were only marginally affected after treatment with fenofibrate. 
Uver low densi^ lipoprotein receptor mRNA levels rose slightly after a 3-day administration ai the 
hi^tot dose of fenofibrate. Both ctofibrate and gemfibnnU had effects comparable to those of fenofibrate 
on liver and intestinal apoiipoprotein mRNA levels except for liver apo A-II mRNA, which decreased only 
mafginally. Compared with fenofibrate, dofibrate caused similar changes In plasma cholesterol, apo A-I, 
apo A-IV, and apo £ concentrations, whereas gemfibrozil increased plasma cholesterol and apo £ without 
chan^ng apo A-I and apo A-IV concentrations. In conclusion, all fibrates Infinence the expression of the 
apo A-I, apo A-II, and apo A-IV genes but not the apo B and apo £ genes In a tissue-selective manner. 
After dofibrate and fenofibrate but not after gemfibrooil, these alterations are reflected by similar changes 
in pfaisma apoUpoproteIn concentrations, {^erimkrosis and ThFombosis l!KK2;I%286-294) 

Ker Words • atherosderosis • geneeiqpressHm • liypertipldeniia • Iq^polipidemic drags • steroid 
hormone rec^itors 



Fibrates are a class of hypolipidemic drugs widely 
used in the treatment of diet-resistant hyperlip- 
idemia. In humans, fibrates decrease plasma 
triglyceride and/or cholesterol concentrations.'-^ In lab- 
oratory animals such as the rat, fibrates are extremely 
effective in lowering plasma cholesterol and' occasion- 
ally plasma triglyceride concentrations.^^' Although 
very little is known about the exact mschanism of action 
of these drugs, the decreases in plasma cholesterol and 
triglyceride levels are classically thought to be the result 
of a decrease in hepatic cholesterol synthesis^*'^-'^ and 
the induction of lipoprotein lipase m peripheral tis- 
sues,i^2o respective^. In addition, fibrates have been 
shown to be potent inducers of the jS-oxidation ^tem 
of fatty adds in the liver and, to a lesser extent, in the 
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intestine and kidney in rodents.^^'^ These compounds 
act by inducing the expression of several genes that code 
for peroxisomal enzymes in the liver.^-^ The induction 
of these enzymes results in a strong )>roliferation of 
peroxisomes and hepatomegaly and may ultimately lead 
to the development of hepatocarcinomas in animals 
treated for a prolonged period.^^*^ 

Interestingly, a receptor activated by peroxisomal 
proliferators (such as fibrates) and belonging to the 
erb-A/steroid receptor gene superfamily has been re- 
cently cloned.33 Receptors beloi^g to this family 
activate the transcription of iigand-indudble genes after 
binding as ligand-receptor complexes to specific DNA 
elements in the promotor region of genes. It is, there- 
fore, tempting to speculate that fibrates might use a 
simOar ligand-activated receptor to transmit their effect 
on gene expression. 

In view of the strong effects of fibrates on lipoprotein 
metabolism, the aim of this study was to determine 
whether fibrates influence the expression of genes that 
code for proteins invohred in lipoprotein metabolism, 
such as the different apolipoproteins or the low density 
lipoprotein (LDL) receptor, and whether the observed 
effects on plasma cholesterol and apoiipoprotein con- 
centrations could be explained by the alterations in giene 
expression in different tissues such as the liver or 
intestine. The results &om these studies demonstrate 
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ESe buTiraftet gemfibrozU administraUon. 

Methods 
Animals and Treatments 

under ether *if ^ witWn 1 

tein levels. If er 'le'Ht^. »d ta^^ 

moved andrinsed 

SpSl off and frozen in ttquid mtiogpn. 



Measuwwiwt of Plasma Cholesteml and 
^"^total cholesterol was m^ed as de^bed 

p„^ously.« P^»^S»u«d rel^iioaTsay. 
concentrations were measurea oyerew^ 

raactly as described prevrou^." P'^^^JSedsT 

deUpidated to « ^ lipoproteins were 

dodecyl sulfate (SDS), *K5?3ivacrvlaniide 
sepa^ted by electroph«^ /?5|^SESr4% 

stacking gel);* "^^^'^Lnecs in ap^ 

S5rSS»tSS.>urifiedap°^^^ 
S Aeir apparent molecular weights .» 

'^t:rprepared5the^a.di.ig^ 

NoSem and dot-btot »^J^STo^Sy? Q« 
RNA were performed as described PJ»™?^ . . ^ 

dot and Northern blotfihOT.TtefoUwjng^ ^ 
tein probes were used: a rat apo A-l cuina p 



rat apo A-U cDNA clone-, a 42-base oUgoi«wieotide 
pircoltructed complementaiy to ba^fs 73-n4 f 
^ano A-IV^T; a rat apo E cDNA d ne«; a rat 1.2-M) 
riTcWA pr be^.j'S.d a 03^ ftmHI r«trxU n 
SSment of the human LDL receptor done. pipLR- 
?^ ifcken p-actin cDNA donc« wi« ^ « a 
control d)NA wobes were labeled by mck translation 
I aoo A-Il. apo B, and apo E) or random- 
iriSedui)JE!B(^a^andWi^ 
SSJlta (S^eim. FRG). OUgonudeotide probes 
SrA'^)^5'-labeled using T4 V^^^^ 
gSse FUters were hybridized to 1-5x10^ ci«^ o^ 
Sh probe as described.3* They jme w^"" m 5«) iri 
of oJx salineHKxUum dtrate buffer (SSQ a^ 01^^ 
SDS for 10 minutes at room temperature and twice for 
f?S£itesr^ and subsequently exposal to x^y 
film OC^MAT-AR, Kodak Co. Inc. Rodiester. N.Y.). 
K^^ms^Seamdyzedby quantitative 

iSStomeSy (LKB ^^^^^^^I'S^'S. 

ctonges in the Uver weights of the rats. 
lM>n of Nuclei and TYanscrvtiomd Rate Assiv 
Nudei were prepared from «Xo£ 

n^rM et al^ Transcnption run-on assays wcic p 
Gorski et ai. i r» Equivalent amounts of 

formed as descnbea ty wevms. fM"*'" , . 

^Iac filteB(Amersham, Arlington Heights, 

apo A.I CDNA Jo^l"'^ a control, 5 ^g of 

^S^rS^rwSat^^SK^;^ 
i^tion.fi«e«we«^b^^^^ 
"^T. T, £S ^dSuently exposed to x-ray fihn 

Wzed by quantitative scanmng densitomeny v 
Lfltrascan laser densitometer). 



tatisticai jneutuu^ 

Analysisofvaria^-^^-i^r^S 
of the dose-iesponw aid ^ 

significance^j^J^^Se^. After diedc- 
to conqiare different ™" •^'^SL Moropriate two- 
iug whether van^w^e^^e^^^ evaluate 

tailed unpaired Students t ^ ^ti, clofi- 

di{ferencts between means m expenments wi 
brate and gemfibroal. 




Administration of fenoJ!»^™J^^4^^ 
J^^SrSari^i^Sns dropped 




Dose 



Body weight 
(g) 



Liver weight 
(g) 



Chotesteiol 
(mg/100 ml) 



0 
1 
3 
7 
14 



318±8' 

3i5±nn 
3io±ir* 

3Q5±8t 
284±5t 



9.4±0.4t 
12.3±0^ 
15.4±0.4* 
19.2±1.0§ 
18.9±U§ 



80±m 
34±7t 
32±6t 
50±15t 
49±17t 



0 

0.0Q5 
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03 



318±8' 
317±15» 
316±17' 
284±5t 



9.4±0.4t 
9.4a:0.2t 
13.4±0.9» 
18.9±1.0t 



80*16* 
70±13*t 
45±8t 
49±17t 



a«^dJS?SS^ues f oBo^ed by dilleKn. symbols, 
maximally after 1 day of fenofibrate and remained fairly 

coSl after 1 day of fenofibrate and decreased to 
SanlO% of control after 7 days (F^ire U> tte 
SS, apo A-II mRNA levels tad already d«pped tote j 
San o^ fourth (Figure IB), ano apo ^/^ 
tevels feU to less than 20% of controb irfter 1 day of 
Shrate rPioire IC). Intestinal apo A-I (Figure lA) 
l^SS^ A-mRmrVlC) mRNA to«ls. on the other 
S"aJ;'%iJS.effly coistant throughout the tteat- 
ment oeriod. In plasma the concentrations apo A-I 
Sfd aS aSv showed similar Pattems: both apohpo- 
jSeS showed a nummal deaease after 3 days and 
remataed low thereafter (Figure ID). 

After 1 day of treatment with fenofibrate. uver apo 
B Md apo E mRNA levels decreased shghtly by 
aoD?ffldm5tely 25% (Figures 2A and 2B). After 7 and 
M dSS^SJver. oily apo B mRNA remained lower 
fpimrelAr whereas ap6E mRNA levels returned to 
^S^^V^^^ those before treatment (Figure 
S) iSffal apo B mRNA levels were not «gn.fi- 
cantly influenced^during treatment (Fjp" 2A). In 
^asma. apo E concentrations decreased after fenofi- 




''*SSlysigmficantdiffe««ces(byaM^^ 

aw Served brtween values foUowed by different qmbols. 

brate whereas apo B remained fairly constant during 
fh" fi'rsTieek and showed an increase after 14 days 
ipiaure 2D). Hepatic LDL receptor mRNA rose 
neSI 50% after 3 days of fenofibrate and remained 
slightiy elevated thereafter (Figure 2C). 
Dose-Dependent Effects ofFenafibmte 

The body weights of the animals decreased only at ttie 
hiStt dK fenofibrate tested, whereas Iwer w^^^^^ 
ffiSy increased after treatment with an mtenne- 
5Se dSfaid showed a further rise at the lu^-^ 
fSble 2). Plasma cholesterol concentrations tended to 

SSSa^Vi dose of O.W5%. and '^^^^f^^ 
already attained at 0.05% fenofibrate (Table 2). 

^^tic apo A-I mRNA tevels decreased m a 
deoendent tehion, whereas intestinal apo A-I mRNA 
Sremamed constant (Figure 3A). Treatoent wi* 
fenofibrate maximally decreased liver apo A-II and apo 
SSfSS levels I a dose of 0.05% (R^^g JB^d 
30 The changes in liver apo A-1 and apo A-II mRNA 
?Sb ^Xmd after dot-blot hybridizafen. w«e 
Sn?d after Northern blot hybriduation (F^re 4). 
hSal apo A-IV mRNA was not sigmficantly mflu- 
^ aTof fte doses tested (Figure 3C). Plasma 



Figure I. Une ^ dioftring Oie influence of 
dumtmnt^tfeatmrntwithJencfamtemUvaand 

intesdnalapoBpopwiein ('VO>f-'^^^2hm 
A ll (panel B). and apo A-IV (panel C) mlWA 
levels and on plasma apo A-I and apo A-iv 
concentntUms (panel D). AdiJi wakmts wen 
treated for the in^Scated numbar of days wUH 
fenofibmte (0.5% MM mixed in rat duw). 
noma apoBpopolan amcentmtions and liver 
and intestmd mRNA levels were measured arid 
expressed as described in "Methods." SlatistKatty 
s^Okantd^feremxs (f<0.05byanafysbofvmr 
mce) an observed betwem values foOmedby 
d^faent letters. Each value repraenis mean±5D 
of Oiree animals. 
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Figure 2. Li/ie p/bts showing the influence of 
duration of treatment wiihfenafibrate on liver and 
intestinal apolipoprotein (apo) B (panel A), apo 
E (panel B), and low denaiy Upopmtm (LDL) 
receptor (panel Q mRNA levels and on plasma 
apo B and apo E concentrations (panel D). 
Animals and treatments were exactly as described 
in the legend to Figure L Plasma apolipoprotein 
concentrations and liver mRNA levels were mea- 
sured and expressed as described in "Methods." 
Results were expressed as described in the leg&td 
to Figure 1. AM., absorbance units. 



TIME (days) 



apo A-I and apo A-IV concentrations reflected the 
changes in hepatic mRNA levels and decreased in a 
dose-dependent manner (Figure 3D). 

liver apo B mRNA levels decreased sli^tly after a 
dose of 0.05% fenofibrate, whereas intestinal apo B 
mRNA levels were not significantly influenced (Figure 
5A). Fenofibrate did not influence tiver upo E mRNA 
levels (Figures 4 and SB), whereas LDL receptor mRNA 
levels increased only after the highest dose tested (Figure 
5Q. In plasma, apo E concentrations had already dropped 
at an intermediate dose of fenofibrate, whereas apo B 
increased only at the highest dose tested (Figure 5D). 

Influence of Fenofibrate on Hepatic Apolipoprotein 
A-h Apolipoprotein A-II, and Apolipoprotein E 
Gene Transcription Rates 

To determine whether the decrease in liver apo A-i and 
apo A-II mRNA levels was a consequence of a decrease in 



mRNA synthesis rates, nudear run-on e^riments were 
performed on nuclei prq>ared from livers of untreated 
control rats or rats treated with fenofibrate (03% [wt/ wtj) 
for 14 days. The transcrq>tion rate of the apo A-I gene 
decreased approximately 10-fold in livers firom rats 
treated with fenofibrate compared with control tiveis 
(I^gure 6). In contrast, hepatic apo A-II gene transcrip- 
tion did not change at aU after fenofibrate treatment, 
whereas hepatic apo £ gene transcription decreased 
slightly after fenofibrate (Figure 6). 

Influence of Fenofibrate on Extmhepatic 
Apolipoprotein E Gene Expression 

Because treatment with fenofibrate lowered plasma 
apo £ concentrations drastically without having major 
effects on liver apo E gene expression, it was investi- 
gated whether changes in extrahepatic apo E gene 
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Figure 3. Line plots showing the ittfluence of 
treatment with d^erent doses offmofibrate on 
Uver and intestinal apolipoprot&n (apo) A-I (pan- 
el A), apo A ll (panel B), and apo A-IV (panel 
Q rrdiNA levels and on plasma apo A -I and apo 
A'lV concentrations (panel D). Adidt male rats 
weretreatedforl4dayswidiiheindiatteddosescf 
fenofibrate (wt/wt, mixed in rat dum). Plasma 
apolq)oprotein concentmtions and liver and intes- 
tinal mRNA levels were measure and express^ 
as described in "Mahods, "Statistically significant 
differences (p<0.05 by analysis of variance) are 
deserved between values fallowed by d^erent 
letters. Each value represents mean±SD of three 
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Figure 4. NorOtern blot anafysis shewing the influence of 
different doses offenofibrate on mRNA levels for apolipopro- 
tein (apo) A-l apoA4h and apo K RNA was prepared from 
livers cfrats treated with different doses (lane 1, control; lane 
Z Om%; lane 3, 0.05%; lane 4, 0.5% [wt/wtj in rat chow) 
for 14 days. Agarose gel ekcirophoresis of representative RNA 
samples and hybridizations were performed as described.^ 
The localization of the 18S and 28S rRNAs are indicated on 
the autoradiograph. 

expression contributed to the observed effects on 
plasma apo E concentrations. Administration of fenofi- 
brate produced a small but statistically significant de- 
crease in testis and kidney apo E mRNA content, 
whereas heart apo E mRNA levels remained unchanged 
(Table 3), A small decrease m kidney apo E mRNA 
levels was observed after 7 days of fenofibrate (Table 4), 
whereas testis apo E mRNA levels decreased only after 
14 days. However, the overall tune-dependent effect was 
not statistically sigtidfflcant because of the large variation 
of the response after 1 day of treatment. 

Influence of Treatmera With Chfibrate and 
Gemfijrozil on Upid and Apolipoprotein Parameters 

Finally, it was uivestigated whether the effects ob- 
served after treatment with fenofibrate were general 



effects of fibrates or whether they were limited to 
fenofibrate oidy. Theief re, mal rats were treated with 
either one of two ther fibrates, clofibrate r gemfi- 
brozil. Administration of clofibrate r gemfibrozil did 
not mfluence the body weights of the animals, whereas 
liver weights increased to an extent similar to that 
observed after treatment with fenofibrate at a dose of 
0.05%-0.5% (Tables 2, 5, and 6). ^ . , 

Treatment with clofibrate reduced plasma cholesterol 
levels to 50% of the concentrations in the control rats, 
and plasma apo A-I, apo A-IV, and apo E dropped to 
two thirds of controls (Table 5). These changes m 
plasma apolipoprotein levels, as measured by unmu- 
noassay, were confirmed after SDS-PAGE of lipopro- 
teins obtained by flotation from plasma of control and 
clofibrate-treated rats (Figure 7). Plasma apo B concen- 
trations did not change significantly after clofibrate 
(Table 5). Liver apo A-I, apo A-II, and apo A-IV 
mRNA levels decreased after clofibrate, but the de- 
crease in apo A-II mRNA was much less pronounced 
than that after fenofibrate (Table 5). Liver apo B, apo 
E, and LDL receptor mRNA levels and intestinal apo 
A-I, apo A-IV, and apo B mRNA levels were not 
significantly influenced by clofibrate (Table 5). 

In contrast, administration of gemfibrozil increased 
plasma cholesterol and apo E concentrations, whereas 
plasma apo A-I, apo A-IV, and apo B concentrations 
remained unchanged (Table 6). However, liver apo A-I 
and apo A-IV mRNA levels decreased to 30% and to 
less than 10% of controls, respectively, whereas liver 
apo A-II and apo B mRNA levels dropped only mar- 
ginalty (Table 6). Intestinal apo A-I and apo B mRNA 
levels remamed unchanged, whereas intestinal apo 
A-IV and liver LDL receptor mRNA levels tended to 
increase, but the effect was not statistically significant 
because of the large variation in response between 
animab (Table 6). liver apo E mRNA levels did not 
change after gen&brozil (Table 6). 

Discussion 

At present, relatively little is known about the mech- 
anism through which fibrates alter plasma lipid and 
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Figure 5. Line plots showir^ ike influence of 
treatment with d^er&U doses offenqplmte on liver 
and intestimd apdipoprotdn (apo) B (panel A), 
E (panel B), and low density lipoprotein 
(LDL) receptor (panel C) mRNA kvds and on 
plasma apo B and apo E concentmtions (panel 
D). Animals and treatments were exaofy the same 
as described in the legend to Figure L Plasma 
apolipoprotein concentrations and liver mRNA lev- 
els were measured and expressed as described in 
"MeUwds, " Results were expressed as described in 
the l^end to F^ure 3, AU,, absorbance uniis. 
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FlGURE 6. Nuclear run-on tran- 
scription rate assay for hepatic apo- 
Upoprotein (apo) A'l, apoA-Il and 
apo E. ReLtive transcription rates 
were determined in nuclei from av- 
ers of untreated control rats (CON) 
and rats treated with fenofibmte 
(FF; 0.5% fwt/wtj) for 14 days. 
Nuclei were isolated, and nuclear 
run-on assays were performed as 
described in **Methods. " Values as 
determined by laser densitometric 
scanning of autoradiograms of fil- 
ters are expressed relative to the 
transcription rate of the apo E gene 
in control nuclei and represent the 
mean of two independent run-on 
assays. 
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apolipoprotein concentrations. The results from these 
studies demonstrate for the first time that fibrates may 
act by selectively influencing the expression of genes 
involved in lipoprotein metabolism in the rat liver. 

On the one hand, apo A-I, apo A-IV, and, to a lesser 
extent, apo A-II mRNA levels decrease after adminis- 
tration of fibrates. This decrease in mRNA steady-state 
levels is associated with a lowered transcription rate for 
the apo A-I gene but not for the apo A-II gene. 
Therefore, the expression of the apo A-II gene appears 
to be regulated at a posttranscriptional level, which may 
contribute to the variation in response of the apo A-II 
gene observed after treatment with different fibrates. In 
addition, the differential effects of clofibrate and fenofi- 
brate, as opposed to gemfibrozil, on plasma apolipopro- 
tein concentration but not on apolipoprotein gene ex- 
pression suggest that fibrates may differentially affect 
apolipoprotein production at a posttranscriptional oi 
translational level. 

On the other hand, apo £ and apo B mRNA levels 
are only marginally affected by fibrates. However, 
plasma apo £ decreases after clofibrate and fenofibrate 
but increases after gemfibrozil. This increase in plasma 
apo £ after gemfibrozil is in agreement with previous 

Tabl£ 3. Dose-Dependent Inflnence of Fenofibrate on Extrahe- 
patic ApoUpoprotetn E mRNA Levels in Rats 



Dose 


Heart 


Testis 


Kidney 


(%) 


(RAU) 


(RAU) 


(RAU) 


0 


100±3S 


!00±6* 


100±5t 


0.005 


80±25 


yi±14*t 


75±9t 


0.05 


tl9±20 


72±7t 


63±15* 


0^ 


116±21 


80±4t 


65±5* 



Values represent mean±SD. 
RAU, relative absorbance units. 

Adult male rats (n=3) were treated with the indicated dose 
(percent {wt/wt] in rat chow) of fenofibrate for 14 days. RNA was 
prepared, and apolipoprotein E mRNA levels were measured as 
described in "Methods.** 

StatisticaUy significant differences (by analysis of variance; 
p<O.QS) are observed between values followed by different symbols. 



observations of cholesterol-fed rats treated with this 
dnig.'*^ Several mechanisms can be invoked to explain 
the lowered plasma apo £ levels after clofibrate and 
fenofibrate. First, the decrease in plasma apo E n^y 
reflect an increased clearance of apo E-containing 
lipoproteins from plasma by the LDL receptor, whose 
mRNA levels are slightly increased in fenofibrate- 
treated liver. However, because the induction of LDL 
receptor gene expression trails the fall in plasma cho- 
lesterol and apo E levels by 2 daj^, it seems more likely 
that the pronounced decrease in plasma cholesterol 
causes an upregulation of LDL receptor gene expres- 
sion instead of the opposite. Second, apo E production 
may be lowered. The decreased apo E gene expression 
in kidney and testis may contribute to the fall in plasma 
apo E concentrations. However, it is unlikely that the 
rather small decrease in apo E mRNA levels in these 
tissues IS entirely responsible for this decrease, as the 
liver produces the majority of plasma apo E^ and apo E 
gene e)qpression is not affected in this organ. Finally, it 
is likely that apo E synthesis is regulated at posttran- 
scriptional or translational levels by fibrates. Indeed, 
hepatic lipoprotein secretion has been shown to be 

Tabue 4. Tinie-Dependent lofinence of Fenofibrate on Exfarahe- 



Time 
(days) 


Heart 
(RAU) 


Testis 
(RAIT) 


Kidney 
(KAV) 


0 


100±35 


100±6 


100±5 


1 


144+73 


101 ±13 


95±44 


3 


108±20 


94±6 


79±17 


7 


n3±57 


91 ±7 


66±2 


14 


116±21 


80±4 


65±5 



Values represent mean±SD. 

RAU, relative absoibance units. . 

Adult male rats (n=3) received fenofibrate (03% [wt/wtj mixed 
in rat chow) for the indicated periods of time. RNA was prepared, 
and apolipoprotein E mRNA levels were measured as descnbed m 
**Methods." . ^ , . 

None off the treatments were statisUcally significant (by analysis 

of variance; p<0.05). 
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decreased iu rats treated with fenofibrate and ciprofi- 
brate^ and clofibrate has been shown to lower hepatic 
very low density lipoprotein production and triglyceride 
secretion,^*'*^ whereas gemfibrozil increases hepatic apo 
£ synthesis and secretion.^ 

The increased plasma apo B concentrations, along 
with the unchanged liver and intestinal apo B niRNA 
levels, are remarkable, as liver LDL receptor mRNA 
levels are elevated m fenofibrate-treated rats. These 
observations suggest that fenofibi^te may mfiuence apo 
B production at a cotranscriptional or a posttranscrip- 
tional level At present, studies are being undertaken to 
determine whether this drug regulates liver and/or 
intestinal apo B mRNA editing. 

In contrast to their effects on liver apoltpoprotein 
gene expression, intestinal mRNA levels remain un- 
changed or change in the opposite direction after 
treatment with fibrates. These observations extend our 
previous studies that show that apolipoprotein gene 
expression is much more susceptible to regulation in the 
liver than in the intestine.^-'^-**'^*' Indeed, both liver apo 
A-I and apo A-IV gene expressions are regulated in a 
tissue-selective manner after treatment with several 
hormones, including corticosteroids,^^ thyroid hor- 

TableS. iBfioMice of ClofihniteQDBodlyaDd liver W^tStP^ 
ma Cholest^ and ApoUpoprotdn Coneoittatioiis, and liver and 
Intesttnal mRNA Levels 



Qofibrate 



Parameter 


Control 


Treated 


Body weight (g) 


342±33 


34S±28 


Liver weight (g) 


9.9±1.0 


13.8±1.4* 


Cholesterol (mg/100 ml) 


62±10 


33±2* 


ApoA-1 






Plasma (mg/100 nil) 


33±5 


21 ±f 


Liver mRNA(RAU) 


100±18 


45±12* 


IntesUnal mRNA (RAU) 


100±14 


103±5 


ApoA-Il 






Uver mRNA (RAU) 


100±5 


72±lg* 


ApoA-tV 






Plasma (mg/100 ml) 


12±1 


8±1* 


Uver mRNA (RAU) 


100£2S 


16±3* 


Intestinal mRNA (RAU) 


100±10 


88±6 


ApoB 






Plasma (AU) 


96±2S 


61 ±21 


Uver mRNA (RAU) 


100±30 


66±24 


Intestinal mRNA (RAU) 


100±11 


86±11 


Apo E 






Plasma (mg/100 ml) 


9±1 


6±1* 


Uver mRNA (RAU) 


100±6 


107±5 


LDL receptor 






Uver mRNA (RAU) 


t00±16 


73±28 



Values represent mean±SD. 

Apo, apolipoprotein; LDL, tow density lipoprotein; RAU, rel- 
athre absotfoance units; AU, absoihance units. 

Adult male rats (/is4) were treated with clofibrate (03% 
(wt/wt] to rat cborw) for 14 days. Body and liver weig|its were 
recorded at the end of the treatment j^riod. Plasma cholesterol 
and apolipoprotein concentrations and liver and intestinal mRNA 
levels were measured as described in "Methods." 

Statistically significant differences (by / test) firom controls are 
indicated fay an asterisk (p<0.QS). 



mones,"*** and estrogens,^ with the liver being much 
more responswe than tbe intestine. This suggests that 
the expression of apolipoprotein genes is constitutive in 
the intestine, whereas expression in the liver is more 
regulated. 

Finally, because of the peioxisomal proliferation ob- 
served after fibrate administration in rodents,2i-2'» li\^er 
weights mcrease dramatically. These observations raise 
the question as to whether the effects of fibrates on 
apolipoprotein gene expression are mediated via their 
ejects on peroxisomal proliferation and, hence, Iwer 
weight. Several lines of evidence, however, argue 
against this possibility. First, the brisk onset (1 day) of 
the changes in apolipoprotein gene expression suggest 
that fibrates may act directly on apolipoprotein gene 
expression. Second, the decreased transcription rate of 
the apo A-I gene in isolated nuclei points to a direct 
effect of fenofibrate on the expression of this gene. 
Finally, 0-actin mRNA levels and transcription rates 
remain unchanged after administration of fibrates. 

In conclusion, these studies show that fibrates have 
major effects on the expression of selective apolipopro- 
tein genes in the rat Ih^er but not in the intestine. 
Furthermore, the distinct effects of fenofibrate, clofi- 

Table 6. Influence of Gemfibrozil on Bo^ and Liver Weights, 
Plasma Cholesterol and Apolipoprotein Concentrations, and Uver 
and Intestinal mRNA Levds 



Gemfibrozil 



Parameter 


Control 


Treated 


Body weight (g) 


320±6 


318±]9 


Liver weight (g) 


9.4±03 


16.2±1.8* 


Cholesterol (mg/100 ml) 


67±18 


110+5* 


Apo A-I 






Plasma (mg/lOO ml) 


42+4 


41±8 


Uver mRNA (RAU) 


100±32 


30±10* 


Intestinal mRNA (RAU) 


100±14 


99±5 


ApoA-lI 






Uver mRNA (RAU) 


100±15 


78±31 


ApoA-lV 






Plasma (mg/lOO ml) 


9±1 


8±2 


Uver mRNA (RAU) 


100±2l 


8±1* 


Intestinal mRNA (RAU) 


10O±2O 


172±43 


ApoB 






Plasma (AU) 


78±7 


94±1S 


Uver mRNA (RAU) 


100±2 


92±4' 


Intestinal mRNA (RAU) 


100±13 


139±26 


ApoE 






Plasma (mg/100 ml) 


13±2 


23±2» 


Uver mRNA (RAU) 


100±6 


96±14 


U>L receptor 






Uver mRNA (RAU) 


100±18 


172±62 



Values represent mean±SD. 

Apo» apolipoprotein; U^L, low density lipoprotein; RAU, rel- 
ative absotbance units; AU, absorbance units. 

Adult male rats (n»4) were treated with gemfibrozil (fl5% 
[wt/wt] in rat diow) for 14 days. Body and liver weights were 
recorded at the end of the treatment period. Plasma cholesterol 
and apoltpoprotein concentrations and liver and intestinal mRNA 
levels were measured as described in "Methods.*' 

Statistically significant differences (by t test) fiom controls are 
indicated fay an asterisk (p<0.05). 
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Apo A-IV - 
Apo E - 

Apo A-l - < 
Apo C • A-ll - 



Figure 7. Influence ofclofibrate on plasma apoUpoprotein 
levels. Adult male Wistar rals were treated with clofibrate 
{03% [wtfwt] in rat chow for 14 days; lane 1) or without (lane 
2). Plasma l^proteins (d<L21 giml) were isolated and 
deUpidated, and apolipoproteins were separated by sodmm 
dodecyl sulfate-pofyacrylamide gel electrophoresis as de- 
scribed in "Methods.' 



brate, and gemfibrozil on plasma apolipoprotein concen- 
trations but not on liver apolipoprotein mRNA levels 
suggest that in addition to the effects of these drugs on 
gene expression, additional mechanisms appear to be 
operative. These observations warrant more detailed 
exploration of the effects of fibrates on gene expression 
in different animal species as well as in humans. 
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SUMMARY 

1. in vivo and in vitro gene-manipulated models were used to 
study the metabolism of chylomicron remnants. Transgenic mice 
expressing human apoUpoprotein (Apo) Al or F4, gene knock- 
out mice deficient in ApoE or low density lipoprotein (LDL) recep- 
tors and antisense gene inhibition in HepG2 cells were used to 
evaluate the effect of gene manipulations on the metabolism of 
chylomicron remnants. 

2. Mice transgenic for human ApoE4 showed accelerated 
clearance of chylomicron-likc emulsions when animals were fed 
a low-fat diet. When challenged by a high-fat diet, remnant 
clearance in ApoE4 transgenic mice was delayed, as in normal 
or non-transgenic controls. However, unlike normal non- 
transgenic controls, in ApoE4 transgenic mice high density 
lipoprotein (HDL)-cholesterol levels remained high after high- 
fat feeding, which probably protected the animals from the 
development of atherosclerosis.* In contrast, clearance of chy- 
lomicron-like lipid emulsions was not affected by the over- 
expression of human ApoAI in transgenic mice. 

3. Gene knock-out mice deficient in ApoE or deficient in the 
LDL receptor were used to show that ApoE and LDL receptors 
are both essential for the nomnal, fast catabolism of chylomicron 
remnants by the liver.^ In the absence of the I.DL receptor, an 
alternative ApoE-dependent pathway operates to clear chylo- 
microns from the plasma, with significantly delayed catabolism. 

4. Antisense gene inhibition techniques were used to suppress 
the expression of syndecan, a core protein of heparan sulfate pro- 
teoglycan, in HepG2 cells. Remnant uptake in cells transfected 
with the antisense oUgodeoxynucleotide complementary to a 20 
nucleotide sequence upstream of the initiation site of syndecan 
cDNA markedly reduced the uptake of chylomicron remnant. 

Key words: antisense, apoUpoprotein, cholesteryl oleate, chy- 
lomicron remnant, chylomicron-Uke lipid emulsions, fractional 
clearance rate, heparan sulfate proteoglycan, lipolysis, oligode- 
oxynucleotide, transgeiuc mice, triolein. 
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INTRODUCTION 

The use of genetically manipulated inodels has greatly assisted inves- 
tigations into the understanding of the physiology of lipid transport. 
Transgenic and homologous recombination techniques have allowed 
researchers to alter the genotype of an animal in a precise manner 
and to study the resultant change in phenotype. Transgenic mice over- 
expressing the genes for human apolipoproteins (Apo) and recep- 
tors and gene knock-out mice deficient in these proteins have 
increased our understanding of lipid transport This in turn has led 
to an improved understanding of disease mechanisms in relation to 
athen>sclerotic cardiovascular disease. 

Over the past few years, many important conclusions have been 
drawn from studies of transgenic animals expressing human apoli- 
poproteins. For example, the high expression of ApoAI and elevated 
high density lipoprotein (HDL) concentrations in ApoAI transgenic 
mice protect the animals against the development of atherosclerosis.^ 
hi contrast, transgenic mice expressing high levels of ApoCa)"* and mice 
expressing high levels of human lipoprotein (a) (Lp(a)) particles,-**^ are 
more susceptible to diet-induced atherosclerosis. 

Although atherosclerosis is related to postprandial hyperlipidaemia, 
cunent understanding of lipid transport from the site of absorption 
to the site of utilization is insufficient to assess the quantitative role 
of chylomicron remnants in atherogenesis in comparison with 
other Upopn>teins. In an attempt to elucidate factors involved in the 
hepatic uptake of chylomicron rennufiants from plasma, we have used 
transgenic mice expressing ApoE4, gene-knock-out mice deficient 
in ApoE or low density lipoprotein (LDL) receptor and hepatoma 
cells mutated by antisense gene-targeting as models for in vivo and 
in vitro studies. 

METHODS 

For the in vivo study, lymph chylomicrons were prepared from donor Wistar 
rats as previously reported. Lipid emulsions mimicking lymph chylomicron 
were prepared^ to contain f'^^C]- triolein and [-^]-choIesteryl oleate fCOK 
[^^Cl-CO alone or fluorescent cholesteryl esters as tracers and the emulsions 
were injected intravenously into mice as reported previously* The lipid 
emulsion did not contain any exogenous proteins, but immediately after 
injection into plasma the apt>]i poproteins of the recipient animals associated 
with the emulsion. Blood .camples were taken fipom the oihital sinus at inter- 
vals for the measurement of radioactivity in plasma by scintillation counting. 
The clearance rate of the emulsion was calculated fmm the decline of radio- 
activity in the plasma. Cleamncc of emulsion CO measures particle removal 
as remnants, while clearance of emulsion triolein measures lipolysis plu.<; 
particle removal. In several previous studies, the clearances of lipid emulsions 
and lymph chylomicron.s have been found to be comparable. 
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Alternatively, animals were kept in a closed compartiiieni and ihe expired 
^"^COi was collected for scintillation counting to measure the catabolism of 
remnants by the liver.'' Tlit; intracellular pathw^ay of remnanlii in the liver 
of the animal was followed by viewing confoca! images of liver sections 
taken at time intervals after the injection of fluoresccntly labelled emulsions/ 

To measure in vitro remnant uptake in tissue culture, remnants were har- 
vested from the plasma of functionally hepatcctomizcd rats injected with 
fluoiescent emulsions. HepG2 cells were transfccted with synthetic anti- 
sense oligodeoxynucleotide fODN) complimentary to syndecan, a core 
protein of liver heparan sulfate proteoglycan <HSPG). Control cells were 
transfected with synthetic sense ODM. After Iransfection. cells were incu- 
bated for 5 min at 37"C with an aliquot of 50 piL fluorescent remnants, washed 
five times with Hank's balanced salt solution (37"C) and then incubated with 
an equal amount of non-labelled remnants for 1 min. Cells were then fixed 
with 4% parafonnaldehyde in 0. 1 moI/Lcacodylatc buffer for 10 min at 4"C. 
Cover slips were removed from the culture dish and were mounted on slides 
with aquamont for examination with a confocal scanning microscope 
(BioRad MRC-lOUO; Hemel Hempstead, UK) with lens Plan Apo 60X (NA 
1.40). Binding and uptake i>f remnants were assessed by computer analysis 
of the confocal images using the NIH image/68K 1.6 programme (distrib- 
uted by the NIH of USAV 

RESULTS AND DISCUSSION 

Chylomicron clearance and atherosclerosis in transgenic 
mice expressing human apolipoproteins 

Transgenic tnice were generated from embrj'os injected with a cos- 
mid containing the entire human ApoE4 gene driven by the human 
ApoAl promoter to elevate the levels of transcript in the liven' 
Emulsions labelled with | '^CJ-triolein to trace the effect on lipoly- 
sis and ['Hl-CO to follow the clearance of emulsion remnants were 
injected. The clearance rates of botli labels were compared with those 
in non~transgenic control animals. Our results show that mice trans- 
genic for ApoE4 enhanced clearance {P < 0.001) of both ['*C j-triolein 
and [^H]-CO from the plasma in animals consuming a low-fat diet 
(4% fat lab chow). If these animals were challenged with a high- fat, 
high-cholesterol diet (15% fat, 1% cholesterol and 0.5% sodium 
cholatc), lipolysis of emulsion triglyceride was accelerated due to 
increased lipoprotein lipase activity (low-fat diet 6.3U/mL to high- 
fat diet 9.2U/mL plasma with male mice in each group), but 
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remnant clearance was not improved in transgenic mice.* The 
decreased LDI. receptor expression was probably sufficient to account 
for the slower remnant clearance in these mice. As shown in Fig j 
compared with mice consuming a low-fat, control diet (lanes I^j* 
the e>tpression of LDL receptor decreased by 44% in mice consum-* 
ing the high-fat diet for 3 weeks (lanes 5--7). Low density lipopmtein 
receptors were not detected in mice after they had consumed the high- 
fat diet for 18 weeks (lanes 9-12). 

In transgenic mice HDL-cholesterol levels remained high after con- 
suming the high-fat diet for 3 weeks (7 1 to 74 mg/dL; n = 56), unlike 
in control mice where HDL-cholesterol dropped significantly after 
consumption of the diet (68 to 52 mg/dL; n ^ 36). To test whether the 
high HDL-cholesterol level in transgenic mice was protective against 
the development of atherosclerosis, we assessed the atherosclerotic 
lesions in the aorta of the non -transgenic compared with transgenic 
mice consuming the high-fat diet for 14 weeks. When lesions in the 
aorta were quantified, transgenic mice showed a decrease in lesions, 
suggesting that they were protected from atherosclerosis.' The mech- 
anism for this protective effect is still unclear, but could possibly be 
attributed to die ApoE-dependcnt, LDL receptor-independent pathway 
of remnant uptake by the animal livers.-^ 

Clearance of emulsion triglyceride and emulsion CO increased 
somewhat in transgenic mice expressing high levels of ApoAT, but 
the difference was not significant (results not shown), suggesting 
that ApoAl has Httle effect on the clearance of chylomicrons. Con- 
firmation of this finding requires .studies of chylomicron clearance 
in ApoAl knock-out mice. 

Chylomicron metabolism in gene knock-out mice 
deficient in Apo£ 

Colonies of ApoE knock-out mice and LDL receptor knock-out mice 
were established from progenitor stocks obtained from die Jackson 
Laboratories (Bar Harbor, MA, USA). Mice were derived and bred 
by sibling matings to obtain animals homozygous for null mutation. 
Animals were tested for the null muuiion by western blotting for 
plasma ApoE and by PCR genotyping of the LDL receptor gene.'- 
As shown in Fig. 2a, the rate of emulsion triglyceride removal in 
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Fig. 1. An immunoblot showing the expression of hepatic low density lipoprotein receptor (LDLR) in mice. C57BLy6J mice were fed either a low-fat d> 
(lanes 1-4) or a high fat. high cholesterol diet (15% fat, \% cholesterol. 0.5% sodium cholatc) for 3 (lanes 5-&) or IK weeks (lanei> ^13). Liver 
proteins were solubilizcd, subjected to 3-13% SDS polyacryl amide gel electrophoresis and electrotransferrcd to nilrocelluJosc membranes. The Ll>R ban 
was detected by using a polyclonal anlibody against bovine adrenal LDLR and the enhanced chcmiluminescence system. 
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iiiApoE-deficient mice was normal and comparable to triglyceride 
Iblearance in normal mice. However, over 60% of the injected emul- 
■ s;ion CO remained in the plasma of ApoE-dcficient mice 30 min after 
j-injection of double-labelled emulsions. The differences in clearance 

compared with control mice were statistically significant (/*< 0.05 
■. 'at 10 min and P < 0.0001 at 20 and 30 min), suggesting defective rem- 

hant clearance in mice deficient in ApoE. Consistent with the clear- 
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Fig. 2. Plasma clearance (a) and liver uptake (b) of injected chylomicron- 
likc iipid emulsions in contml C57BL/6J or apoE-deficient mice, (a) Emulsion 
lipids were labelled with [^'^C]- triolein (TO) to trace the lipolysis and removal 
of emulsion triglycerides and with [^H]-cholesteryI oleate (CO) to trace the 
clearance nf the injected particles up to 30 min after injection. Results are 
the mean - SEM with n — 6 for apoE-deficient mice and ;i = 9 for control 
mice. (■). CO clearance in control mice; (□), TO clearance in control mice; 
(A). CO clearance in apoE-dcficient mice; (A), TO clearance in apoE-defi- 
cient mice, (b) Radioactivity recovered in the liver of control C57BL/6J or 
apoli deficient mice. Mice were anaesthetized with avert in and animals were 
exsanguinated 30 min after the injection of radiolabelied emulsions. Results 
iire the mean ± SEM with n^5 for apoE deficient mice and /i = 15 for con- 
tjol mice. (B), CO uptake in control mice; (□), TO uptake in control mice; 
p, CO uptake in apoE-deficicnt mice; (S), 'IT) uptake in apoE-deficient 
mice. 



ance data, over 60% of the injected pH]-CO was recovered in the 
livers of control mice, but only approximately 5% was recovered in 
the liver of ApoE-deficient mice, as shown in Fig. 2b. The hepatic 
uptake of [ '^C]-TO was similar in control and ApoE-deficient mice 
(Fig. 2b). As a result of the accumulation of chylomicron remnants 
and probably other Hpoproteins, mice deficient in ApoE develop 
atherosclerosis even when consuming a low-fat diet.'** Clearance of 
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Fig, 3. Plasma cicaruncc (a) and liver uptake (b) of injected lymph chy- 
lomicrons in contiol C57BI76J or low-density lipoprotein receptor (l.DI.R)- 
deficient mice. Chylomicrons were labelled endogenously in the donor rats 
with ['*Cl-palmitic acid and [-H] -cholesterol, (a) The figure shows clear- 
ances of the [-H]- label to trace the removal rate of chylomicron remnants 
up to 30 min after injection. Results are the mean ± SEM with « = 6 for each 
group. Three blood .samples were taken from each animal with groups of 
mice used for time points 3, 5 and 8 min, and others for tin>e points ] 5. 20 
and 30 min. (■), CO clearance in control mice; (O). CO clearance in LDLR- 
deficient mice. Cleiirunces of the [ '^C]-label in control and receptor-deficient 
mice were similar, (b) Radioactivity recovered in the liver of control 
C57BL/6J, or LOLR-deficienl mice. Mice were anaesthetized with avertin 
and animals were exsanguinated 30 min after the injection of radiolabelied 
chylomicrons. Results are the mean ± SEM widi/i = 6 for each group. (■), 
CO uptake in control mice; (□), CO uptake in LDLR-deficient mice. 
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lymph chylomicrons in ApoE-deficicnt mice was noi feasible as the 
chylomicrons contained endogenous ApoE from the donor rats. 
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Fig. 4. The effect of heparin on plasma clearance of injected chyloniicron- 
like lipid emulsions in low-density lipoprotein receptor (LDLR)-deficient 
mice consuming a high-fat diet. Emulsion lipids were labelled with [*'C]- 
triolein (TO) to trace the lipolysi.s and removal of emulsion triglycerides and 
[-Hl-cholester\ l olcate (CO) to trace the clearance of tlie injected particles 
up to 30 min after injection. Injection of heparin (5 U/animal) prior to the 
emulsion stgnificandy increased the lipolysis of triglyceride, but had no effect 
on the clearance of emulsion remnant particles. (■}, CO with heparin; (□), 
CO without liepariii; (O), TO without heparin; {%), TO with heparin. 



Chylomicron metabolism in gene knock-out mice 
deficient in the LDL receptor 

We have shown recently that the clearance rates of chylomicron- 
like lipid emulsions were similar in LDL receptor-deficient and con- 
trol mice.' Consistent with this finding, the plasma clearance rates 
of lymph chylomicrons in control and LDL receptor-deficient mice 
were also similar, as shown in Fig. 3a. Figure 3b .shows that simi- 
lar amounts of chylomicron remnants were recovered in the liver 
of the two strains of mice. There were no differences in the rate of 
lipolysis and the hepatic uptake of chylomicron triglycerides in con- 
trol and receptor-deficient mice. 

In LDL receptor-deficient mice, while chylomicron remnants wen; 
associated with the liver similarly as in control mice, intemali7.a- 
tion of remnants into hepatocytes was delayed. Confocal images of 
liver sections taken at time intervals after the injection of fluores- 
cently labelled emulsions showed that remnants accumulated at the 
boundary of the sinusoidal spaces in LDL receptor-deficient mice, 
while remnants distributed evenly in the hepatocytes of the control 
mice from 5 to 20 min after injection.^ At 3 h after the injection of 
the fluorcscently labelled emulsions, no fluorescence was detected 
in the liver sections obtained from control mice, suggesting catab- 
olism of remnants, whereas in mice deficient in LDL receptors, fluor- 
escent remnants were evenly distributed in hepatocytes.^ 

The slow remnant catabolism was confinned by the output of 
'''COi in the expired breath of control compared with LDL receptor- 
deficient mice after injection of emulsions labelled with f "*Cl-CO. 
Radioactivity in expired breath was significantly less in receptor- 
deficient mice compared with controls {/*< 0.0001), indicating a 
defect or delay in the catabolism of remnants removed from the 
plasma. ' ' 
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Fig. 5. An immunohlot showing the effect of a high-fat. high cholesterol diet on the plasma concentrations of ap<.>Iipoprotein AI and E in low-density 
lipoprotein receptor (LULR)-deficicnt mice. Mice (rcceptor-deHcient and controls) were either fed a low-fai diet (lanes 4-6. 7-9) or a high-fat (receptor- 
deficient only) for 3 weeks (lanes 1-3). Plasma proteins were subjected to 5-25% SDS polyacrylamide gel electrophoresis and electrotransferred to nitro- 
cellulose membranes. The apolipoprotein bands were detected by using polyclonal antibodies against the apoAl and apoE, respectively, and the enhanced 
chemi luminescence system. 
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|;' Our results suggest that under normai circumstances, chylomi- 
|lcron remnants are rapidly internal ixed by LOL receptors and are 
:i;catabolizcd in hepatocytes. When the receptor is absent, remnants 
taken up by the iiver via a second ApoE- dependent pathway, 
t first to the sinusoidal space, with subsequent slow endocytosis and 
;:..calabolism. Nevertheless, the alternative pathway of hepatic remnant 
■4:iuptake is sufficient to prevent LDL receptor-deficient mice from 
•l-accumulating B48-containing lipoproteins in the circulation. In an 
attempt to isolate the mechanism of this padiway. we performed 
;;: competitive studies of emulsion clearance. Our results show that 
-reagents, including lactoferrin. heparinase and suramin, which inhibit 
the functions of heparan sulfate all retarded rcrmiant clearance, while 
; : heparin accelerated remnant clearance." 

Mice deficient in LDL receptors develop atherosclerosis only after 
consuming a high-fat, high cholesterol diet.'^ This is consistent with 
our findings that plasma clearance and hepatic uptake of chylomi- 
cron remnants were severely retarded in receptor-deficient mice after 
consuming a high-fat fat, \% cholesterol, 0.5% sodium 

cholalc) diet for 3 weeks. Injection of heparin accelerated lipolysis 
of emulsion triglyceride but had no effect on plasma removal or liver 
uptake of chylomicron remnants as shown in Fig. 4. The high-fat 

t diet also promoted three- and five-fold increases in plasma trigly- 
. ceride and cholesterol, respectively, and a decrease in HDL- 
|: cholesterol. As shown in the imraunobiots presented in Fig. 5 and 
r consistent with these results, plasma ApoAI (lanes 1-3, lower panel) 
f ;:: decreased, while ApoE (lanes 1-3. upper panel) increased signifi- 
cantly in receptor knock-out mice compared with knock-out mice 
consuming a low-fat diet (lanes 4-6) or control mice consuming a 
low-fat diet (lanes 7-9). 

Y- Antisense gene inhibitioD in HepG2 cells 

I J- Results from in vivo competition studies suggest the involvement 
of heparan sulfate proteoglycan in the uptake of remnants by liver 
cells in both the control and LDL receptor-deficient mice. To fur- 
i Iher investigate the role of heparan sulfate proteoglycan in remnant 
|: uptake, we evaluated the effect on renmant uptake as a result of 
reduced proteoglycan expression by antisense gene inhibition of syn- 
: decan, the main cote protein of liver proteoglycans, in HepG2 cells. 
The cDNA of human syndccan-1 was used as a template to pre- 
( : pare antisense ODN and phosphorothioate ODN. HepG2 cells were 
transfected with various antisense and sense ODN mediated by the 
: cationic liposome DOTAP 24 or 48 h before remnant uptake .studies, 
A synthetic anti.sense oligonucleotide with the sequence 5'-GCGGG- 
TTCCGCTGCTCGATG-3' , which is complementary to a 20 nucleo- 
tide sequence upstream of the initiation site of the syndecan gene, 
was found to suppress HSPG expression. Incorporation of f^\S] by 
cells radioiabelled for 48 h with f ^^'Sj-sodium sulfate (carrier-free) in 
the presence of the antisense oligonucleotide was reduced by approx- 
imately 25% compared with controls (B-C Mortimer etaL unpubl. 
obs., 1997). Remnant binding decreased by approximately 50~7Q% 
in cells incubated with the antisense oligonucleotide compared 
with control cells incubated with a sense ODN or with DOTAP only 
(B-C Mortimer et al, unpubl. obs., 1 997). 
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